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Electromagnetic Induction E-Sensor for Underwater UXO
Detection

1.0 Abstract

QUASAR Federal Systems (QFS) endeavored to adapt its innovative underwater capacitive
electrode electric field (E) sensors for use in detection of Unexploded Ordnance (UXO) objects
in seawater. The system was based around an existing Time Domain Electromagnetic (TDEM)
sensor, in which a pulsed magnetic (B) field induces eddy currents in the target. The eddy
currents produce a secondary B-field, which in a conducting medium can be detected with either
E-sensors or B-sensors. The E-sensor was used to measure decaying eddy currents in a standard
UXO-like target. The results were compared to both previously measured B-fields and calculated
values for the same target.

The E-sensor showed similar response to the B-sensor, with roughly 1/3 the signal-to-noise ratio
(SNR) but a broader detection range. The E-sensor data from a steel rod were in excellent
agreement, in both shape and amplitude, to the calculated value for a vertical magnetic dipole of
moment 0.03 Am”. The UXO detection capability of the QFS underwater E-sensor has been
clearly demonstrated. The vector nature of the fields also suggests the sensor could be use for
discrimination, using inversion algorithms such as the Time Domain 3-Dipole Model. In future
work the detection capability of this sensor will be enhanced and the discrimination potential will
be explored.

2.0 Objective
The SERDP Statement of Need (SON) calls for the development of sensors to address diverse
challenges in the cleanup of munition contaminated areas; including aquatic environments. These
sensors need to operate in a variety of environments such as “ponds, lakes, rivers, estuaries, and

coastal and open ocean” and must be capable of detecting munitions ranging from 20-mm shells
to 2000-1b bombs.

This specific program aims to address this need through the development of an underwater
TDEM E-field UXO detection sensor. The program employs a B-field transmitter, common to
TDEM techniques. The receiver is based around an innovative underwater electrode recently
developed by QFS. The underwater electrode is passivated, allowing it to achieve true capacitive
coupling to seawater and virtually eliminating electro-chemical effects that plague resistive
coupled systems.

In this program, QFS sought to prove the UXO detection capabilities of this innovative
underwater electrode. The specific goals of the program were:



1) Adapt the existing electrode amplifier to operate in the band of 100 Hz to 10 kHz, with a
sensitivity of 10 nV/rtHz.

2) Design and build a 3-axis underwater E-sensor with 10-cm baseline in addition to
constructing a seawater-based UXO test-bed.

3) Measure TDEM signals from a UXO target with the underwater E-sensor. Compare them
to traditional B-field measurements and calculated values.

QFS successfully met all 3 objectives. A 3-axis seawater E-sensor was designed and built, with
sensitivity of 5 nV/m/rtHz over the band of interest. TDEM signals were measured from UXO
targets. These signals compared favorably to measurements made with a B-field induction
sensor, and were in excellent agreement with calculated fields. This program has effectively
demonstrated the UXO detection capability of the QFS underwater E-sensor.

3.0 Background
Time domain electromagnetic detection is a common method in UXO remediation. It is able to
detect targets and can also be used to discriminate them from scrap. Traditionally TDEM
employs magnetic sensors to measure induced eddy currents in a target. This method has proved
effective for both land and water based applications.

Employing E-field sensors for underwater UXO detection is a new concept. The lack of
practical-use, low-noise E-field sensors has limited the size of the community familiar with
underwater E-field sensing and its related system and noise cancellation issues. In particular
capacitively coupled E-field sensing is new and has only been demonstrated to date for
frequencies up to 30 Hz.

3.1  Time Domain Electromagnetic Sensing

UXO detection has traditionally been done with DC magnetic sensors which measure distortions
in the ambient magnetic field. In recent years improved discrimination techniques have been
developed which rely on inducing eddy currents in the target. These sensors utilize physics-based
models to recover the shape of the measured object, and discriminate threats from scrap. The
work in this program relies on one such sensing method called Time-domain electromagnetic
measurement.

Time-domain electromagnetic measurement is a common method for UXO detection and
discrimination. In this type of measurement, a large primary DC magnetic field is applied to the
target by a large transmitter (Tx) coil. When the primary field is shut off;, it induces eddy currents
in nearby metallic objects. The eddy currents generate a secondary field that can be measured by
a receiver (Rx) coil. The time decay of the response gives information about the size, shape,
orientation, and conductivity of the metal object.



TDEM data generally require very little data processing. The responses over numerous pulses are
integrated, or stacked, in the receiver. It is convenient to time average or gate in the receiver in
real-time, although that can be done in post-processing. Statistical discrimination techniques
based on model analysis, such as the Time-Domain Three Dipole (TD3D) model, can separate
UXO-like objects from scrap-like ones.

In practice TDEM is carried out with an inductive transmitter coil and a DC current source. A
DC voltage is applied to the coil for a certain duration (pulse width), during which time a DC
field is generated, and then turned off quickly. As soon as the field is shut down, decaying eddy
currents are induced in the target and any nearby conductors. An AC magnetic sensor measures
the response. Even in the absence of a target, there is still a large decaying voltage, comprising
the decaying primary B-field in the Tx coil, the transient response of the receiver, and induced
eddy currents in nearby metal; collectively referred to as the “background”.

In the case of the QFS TDEM system, the difficulty in measuring the eddy current response from
a target is the presence of a large background. The background is often orders of magnitude
larger than the secondary field from the target. It is necessary to reliably measure the
background, and subtract it from the final data, in order to see the target signal.

QFS has built several TDEM systems on previous programs, chiefly SERDP MM1444. An
example of TDEM Tx and Rx timing, measured with an early prototype system, is shown in
Figure 1. The blue trace shows the digital logic of the transmitter. In the high state the transmitter
is ON; DC field is generated. In the low state the transmitter is OFF and the fields begin to
decay. The green trace shows the voltage across the transmit coil. During the ON state this
voltage is simply the DC voltage of the drive circuit, 12 V. After the drive signal turns off, a
back electromagnetic field (EMF) is generated in the coil; ~ 400 V. This back EMF generates a
transient in the receiver (red trace), driving it into saturation. Only after the receiver recovers
from saturation (~ 250 us) can useful data be collected. The delay of ~ 40 pus between the logic
turning off, and the back EMF, is an RC delay circuit in the transmitter; designed to reduce the
magnitude of the back EMF on the driver components. The voltage decay constants, t, are shown
for the transmitter and receiver. These are determined by inductance, resistance, and capacitance
in the transmitter and receiver respectively, and must be tuned for fast system recovery.
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Figure 1. Transmit and receive timing for TDEM. Blue: Digital Logic for Tx pulse, Green:
Voltage measured at Tx coil, Red: Rx response. Example voltage decay time constants
shown.

An example TDEM B-field measurement is shown in Figure 2 (for a later TDEM system, also on
MM1444). The red trace shows the response of a vertical B-field sensor following the transmit
pulse; the background is clear and present throughout the entire 10 ms window. The green trace
shows the result of subtracting two background measurements. Finally the blue trace shows the
response to a standard target (2” diameter, 6” tall steel rod, 0.5 m beneath the receiver) with the
background removed.
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Figure 2. lllustrating the need to remove the “background” in TDEM measurements.



It is evident that at early times (< 1 ms) the target signal is less than or equal to the background
signal for the MM 1444 system. Without background subtraction, target detection would be very
difficult. In practice, accurate removal of the background can be challenging. It depends not only
on the decay time of the coil, but also the transmit voltage (which can sag) and the presence of
conductive materials in the vicinity of the sensor (which can change). Often the SNR of the
system is limited not by the sensitivity of the receiver, but by the accuracy of background
subtraction.

3.2  QFS underwater E-field electrode

The exploitation of E-fields underwater has been held back by the performance and ease-of-use
of technology used to make the electrical interface to the ocean. Prior approaches relied on
producing a low electrical resistance contact to the electric potentials of interests via an
electrochemical reaction with the sea water. However, this reaction produces offset potentials
that depend on temperature, salinity, micro structural differences between the pair of electrodes
used, and prior exposure of the electrodes to air and light. These offset potentials can easily be of
order millivolts and small changes in the potentials can completely obscure the nanovolt-to-
microvolt signals of interest.

QFS has developed a revolutionary new type of underwater electrode that is passivated to
minimize electrochemical reaction with the seawater. Instead this electrode couples capacitively
to the local electric potential. A series of deep ocean tests in locations from Australia to the Gulf
of Mexico have demonstrated that this new technology can obtain its theoretical noise floor in
real world conditions and after sitting on the deck of a ship for many weeks. The QFS electrodes
were compared side-by-side with the prior state-of-the-art underwater Ag/AgCl E-field sensors,
developed by the Scripps Institute of Oceanography (SIO). This comparison shows that for
comparable baseline the new QFS technology is at least five times more sensitive above 1 Hz,
shown in Figure 3. A QFS underwater E-field electrode is shown in Figure 4.
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Figure 3. Comparison of QFS (right) and S10 electrodes (left) off the Australian coast
(2009). The QFS electrodes were separated by only 80 cm, whereas the SIO electrodes were
12 times further apart (10 m). Data collected at same time and location.



Figure 4. Left: QFS underwater E-field sensing electrode assembled/open. Right: 3 channel
electrode amplifier

The electrode amplifier for the capacitive electrodes is also shown in Figure 4. The amplifier
comprises a front end gain for each electrode, a differential amplifier with switchable gain, and a
low pass filter, with a corner frequency of 30 Hz. The through-and-through gain of the board can
be set to 250, 500, 1000, or 2000. The sensitivity of the underwater sensor is plotted in Figure 3,
~ 1 nV/m/rtHz above 1 Hz.

3.3  Calculation of E-field generated by UXO Target

Electromagnetic signals experience substantial frequency dependent attenuation as they pass
through seawater owing to its high conductivity (o = 4 S/m). While this fact imposes practical
limits to the range of E-fields traveling through the water, it also results in very low E-field
environmental noise. The following calculation, based on the diagram of Figure 5, shows the
possibility of detecting the E-field generated by the magnetic dipole of a UXO target. In the
model, the UXO target (source) is represented as a vertical alternating magnetic dipole, with a
magnetic moment m, at the seabed. The underwater receiver is located at h above the source.
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Figure 5. The spherical coordinates for model calculation with the UXO at the center
(0,0,0). The sensing plane is at z = h above the center.

The expressions for the EM fields of a vertical magnetic dipole (VMD) are given by Kraichman
(1970) for infinite, homogeneous, conducting media, using spherical coordinates with the dipole
m along the polar axis (Figure 5). The UXO detection environment is certainly not an infinite,
homogenous, conducting medium; however the approximation holds for the extremely near-field
nature of UXO detection. The relevant fields for a vertical magnetic dipole are:
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where y (72 =—0’uc+ jouc ) is the wave propagation constant in seawater; @ is the angular

frequency, 1 is the radial spherical coordinate, o is the conductivity of seawater, and € and p are
the permittivity and permeability of the medium, respectively.

Using the expressions (1-3), the vertical magnetic field B, and horizontal electric field E, are
calculated for a vertical magnetic dipole moved through a grid beneath the sensor. The model
assumes m = 0.03 Amz, f=2.5kHz, h=0.5m, and is calculated over a 1 m x 1 m grid. The
amplitude of E4 and B,, as a function of the horizontal positions (X,y), is shown in Figure 6.



Figure 6. Left: Calculated E4 from Vertical Magnetic Dipole, over 1x1 m grid at 0.5 m
depth. Right: Calculated B,. Center pointis 5, 5.

The B, field plotted in Figure 6 shows the field directly measured by a vertical B-sensor. By
contrast, the E, plotted is magnitude of the field; it does not illustrate what is measured by a
horizontal E-sensor. To calculate the expected field at the sensor, the calculated E, must be
projected onto the y-axis. This is achieved by multiplying the value of E, by the cosine of the
azimuthal angle (in spherical coordinates); taken from the target frame, as in Figure 7. Doing so
results in the horizontal E-field (symmetric for Ex and Ey) shown in Figure 7.

Tx Cail

Ed
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Figure 7. Left: Geometry for projection of E4 onto Ey (top view), Right: Calculated field at
Ey sensor.



4.0 Materials and Methods
Under a previous SERDP contract (MM 1444) QFS developed a TDEM sensor system, based
around a vector-field magnetic induction sensor. An entire system was constructed, comprising
an inductive B-field Tx coil, an H-bridge Tx driver circuit, a 3-axis induction sensor receiver,
and a LabVIEW based data acquisition system (DAQ).

This system was optimized over the course of several years and used to collect large amounts of
TDEM data from UXO-like (metal rods and spheres) and scrap-like (metal disks) objects. The
resulting data were processed by Dr. Robert Grimm of Southwest Research Institute, who was
able to distinguish UXO-like objects from scrap-like objects in almost all cases [Zhang, 2010]. In
short, the TDEM system developed under MM 1444 was quite mature, and was essential in the
execution of this SEED program. However modifications were necessary to accommodate the
particular application of E-field receiving TDEM.

The sensors used in this program were based on an underwater E-field sensor system QFS has
been developing for geophysics applications. The sensor is a pair of underwater electrodes, and a
low noise, high input impedance amplifier. Prior to this program these electrodes and amplifier
have been used to collect data in the frequency band of 1 mHz to 30 Hz, with a noise floor of ~ 1
nV/m/rtHz above 1 Hz. Like the TDEM hardware, the sensors were quite mature, but required
some modifications for this particular application.

4.1  Transmitter Optimization

The B-field transmitter for TDEM was built in a previous SERDP program (MM 1444). The
transmitter comprises an inductive Tx coil and a DC driver circuit. The Tx coil from that
program was 96 turns on a 1 m square coil-form, with the windings stacked to approximate a
dipole (rather than a solenoid). The driver circuit was an H-bridge transmitter, run at 24 VDC
(with 2 car batteries) and able to drive ~ 2 A through the Tx coil. The resulting magnetic moment
of the transmitter was ~ 190 Am”. The driver circuit and Tx coil are shown in Figure 8

e o=
Figure 8. Left: H-bridge driver circuit. Right: 190 Am? Tx coil. Both developed under
MM 1444,



The first effort at optimizing the transmitter was to improve the stability of the TDEM
background. In the previous program the background would drift downward slightly in time, as
the voltage of the supply batteries drooped. The car batteries powering the driver circuit were
replaced with a high current DC supply, with 8 mF of capacitance in parallel. The DC supply can
source up to 10 A, and the capacitors are intended to supply instantaneous current when the

supply sags.

A quick study was made, running the system ~20 times in quick succession, and looking at
reliability of background subtraction. The study indicated an initial sag in the background, as the
capacitors and supply arrived at a steady state of current delivery. This suggested both a “warm-
up” routine and a well regimented data collection procedure, with experiments spaced evenly in
time. The LabVIEW DAQ was modified to accommodate 10 warm-up runs, spaced at 5 s, then
continued onto data collected; again spacing runs at 5 s apart. This procedure provided a stable
background that could be reliably subtracted.

In addition to improving stability of the background, it is also desirable to reduce or eliminate it
altogether. In particular, if the recovery time of the transmitter could be shortened to less than
100 s, it would no longer present an issue to target data collection. To this end the Tx coil and
driver circuit were redesigned to achieve lower background and faster recovery, while
maintaining roughly the same magnetic moment.

The important specifications for the transmitter design are magnetic moment, recovery time, and
power consumption. The moment is important because the eddy currents generated in the target
are proportional to the field strength and length of transmit pulse. The recovery time is critical
because the eddy currents in the target are decaying quickly, and can be masked by decaying
field in the Tx coil. Power consumption is a practical matter that will become important if the
system is ever deployed to the field.

Under the MM 1444 program, the design focus was on magnetic moment rather than recovery
time. The receiver on that program was a B-field induction sensor, which utilized a high
permeability core and low input impedance. The magnetic core and input impedance were both
critical to low noise of that sensor, but also resulted in an extremely long impulse response in the
receiver; as shown in Figure 2 above. Therefore the transmitter was only designed to recover
faster than the receiver, not necessarily as fast as possible.

The recovery time of the transmitter is dominated by the decay of the primary field in the
inductive Tx coil. That energy is dissipated with a time constant given by 7 = L/ p> Where L is

inductance of the coil, and R is the damping resistor. A basic circuit diagram for the transmitter
is shown in Figure 9. The bleed-off resistors are to ensure balanced voltage across the coil in the
OFF state.

10
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Figure 9. Basic schematic of H-bridge driver. Impulse response time is proportional to coil
inductance divided by damping resistance.

Thus there are two methods to shortening the decay time of the transmitter: either raise R or
lower L. In practice there is a limit to how high the damping resistor can be. The back EMF
generated in the coil is given by V = Rpamp*Icor. The voltage rating of most of the driver
components is 1 kV, therefore a hard limit is placed on R. Furthermore, the self resonance of the
inductive Tx coil must be considered. If the resonant frequency is within the band of interest, the
damping resistor must be tuned to achieve critical damping in the coil.

The original MM 1444 coil has an inductance of 23 mH and a self resonance at ~ 30 kHz. The
damping resistor on that transmitter was tuned to achieve critical damping of the Tx coil (~

2 kQ) and the voltage protection on the driver was provided by transient voltage suppressors
(TVS) across the coil, rated at 400 V. Transient voltage suppressors serve to shunt any voltage in
excess of their rating. This provides over-voltage protection to the driver, but also shorts out the
damping resistor. Anytime spent in the TVS clamped mode is lost time. Thus there is a trade-off
between protecting the driver and fast recovery of the circuit.

Under MM 1444 the damping resistor, TVS’s, and slow turn-off of the FETs were all tuned to
ensure the transmitter decay time was faster than that of the B-field induction sensors. The
resulting time constant of this original transmitter was T ~ 100 ps.

Under the current program, the receiver does not use magnetic materials of any kind and has
high input impedance. In theory ultra-fast recovery is possible in the receiver. Thus considerable
effort was put into speeding up the recovery of the transmitter. The goal was to completely shunt
the transmit field to below noise levels, before decay measurements began (approximately 100
us after the transmit pulse ends).

11



A new Tx coil was built with 1/3 the turns of the MM 1444 coil. Inductance is proportional to
number of turns, N, squared. Thus in reducing the coil from 96 turns to 30 turns, the new
inductance was ~ 9x lower. The series resistance of the coil was also reduced by 1/3, so though
the number of turns went down, the drive current went up; leaving magnetic moment roughly the
same.

The transient voltage suppressors in the drive circuit were beefed up to 900 V. This gave much
higher head room for the damping resistor, while still maintaining a safety margin for the 1 kV
limit. The damping resistor was chosen such that the back EMF did not exceed the 900 V rating,
eliminating the lost clamp time of the previous circuit. The slow turn off delay in the driver,
illustrated in Figure 1 above, was eliminated, saving an additional 40 ps.

Lastly, an E-field shield was installed on the Tx coil. Several layer of Aluminum foil were
wrapped around the coil, with a gap in the middle to prevent formation of a B-field pick-up loop.
The shield was connected to the system ground of the receiver and Tx driver circuit. Furthermore
a capacitive plate was placed in the water tank, and also connected to the system ground. It was
found that tying all grounds, including the bath, resulted in lower sensor noise.

Through all these efforts, the decay time constant of the transmitter was reduced from t ~100 ps
to T ~20 us. A measurement of the transmitter voltage showed a recovery from 900 V to 100 pV
(~140 dB) in 250 ps (data not shown). However, ultimately it is not the transmitter voltage which
is important, as much as the measured background in the receiver. There is a direct correlation
between the two, but the measured background has many other contributions.

Improvement of the TDEM background was measured with the underwater E-field receiver,
Figure 10. The red trace shows the background for the original (MM1444) transmit coil and
H-bridge driver circuit. The blue trace was recorded with the same sensor, after improvements
were made to coil and driver. While the decay constant of the transmitter alone is T ~ 20 ps (data
not shown), the overall system decay time constant is T ~ 1.2 ms (blue trace, Figure 10).

The blue trace shows a clear improvement over the red; however there is still a significant
background signal. This is largely attributed to the impulse response of the sensor; it is unclear
whether the slow response is in the amplifier circuit or the electrodes themselves. In future work
it will be desirable to redesign the electrodes and amplifier with fast recovery in mind.
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Figure 10. Improvement of TDEM impulse response

It is also worth noting that in Figure 10 the blue trace, for the improved transmitter, is a much
cleaner signal than the red trace. This is due in part to the improvements on the transmitter and
tied grounds, but is also related to improvements in the receiver, discussed below.

4.2 Sensor Optimization

The sensor used in this program is based on an underwater E-field sensor developed by QFS for
geophysics applications. The original sensor comprised two electrodes, each with a low noise
amplifier, a differential amplifier, and a low pass filter set to 30 Hz. The shielded sensitivity of
the sensor is shown above in Figure 3; ~1 nV/m/rtHz above 1 Hz. In order to be useful to this
program both the gain and the pass band were altered.

For optimal TDEM use, the amplifier required lower gain and higher pass band than originally
designed for geophysics applications. The default gain of the amplifier is 2000. At this gain the
pulsed fields of TDEM would expose the receiver to large voltages during the transmit pulse.
The frequency range required is determined by the time window over which eddy current decay
is measured. QFS typically uses a window of 100 pus to 10 ms, which corresponds to a frequency

window of 100 Hz to 10 kHz; given f = 1/t'

The amplifier has a switchable gain, with values of 250, 500, 1000, and 2000. A quick study was
made and a gain of 500 was chosen. At this gain the amplifier output during transmit was ~ 1V;
1/3 of its saturation voltage. SNR was deemed acceptable as this gain ensured the sensor noise
dominated over the DAQ noise.
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The built-in low pass filter on the amplifier was bypassed altogether, setting the pass band to
upwards of 50 kHz. However it soon became clear that the system was experiencing elevated
noise due to aliasing. It was simultaneously found that the output impedance of the amplifier was
too high for the DAQ.

The National Instruments’ DAQ used in this program, also originally developed for MM 1444,
requires a source impedance < 1 kQ, due to a switching capacitor multiplexor. Source
impedances in excess of 1 kQ lead to “ghosting” (charge injection from one channel to the next)
and elevated noise. The output of the amplifier was altered to a single pole, low pass filter with a
corner frequency of 2.5 kHz. (In future systems it will be desirable to use a higher order, higher
frequency low pass filter, to ensure fidelity of the early time data.) The output impedance was
simultaneously set at 500 Q.

Lastly protection circuitry was installed on the input of the amplifier. A cross-diode pair of
Schottky diodes, with turn-on voltage of 0.12 V, was installed across the terminals of the two
electrodes. The intent of this circuit was to short circuit the electrodes when they experience a
voltage difference in excess of 0.12 V; hopefully avoiding saturation of the amplifier. In practice
this circuit was ineffective, given the high gain of the amplifier. Since the saturation voltage is
+3 V, the turn on of the Schottky’s would need to be 500x smaller than that, or 6 mV. In spite of
their ineffectiveness, the Schottky diodes were left in place, as a protection against any mistakes
during experimentation.

4.3  Sensor Calibration

Sensor calibration followed the modification/optimization stage. Calibration involves measuring
the sensitivity and effective baseline of the sensor. Sensitivity is the measured noise floor of the
sensor, expressed in units of field (V/m). Since the sensor is two electrodes and an amplifier,
conversion of noise (V) to sensitivity (V/m) requires dividing the measured noise by the baseline
of the sensor.

In principle the baseline can be measured simply with a ruler. If the electrodes are perfect
voltage probes, then the baseline is simply the geometric distance between them. In practice
there are field distortions resulting from materials in the vicinity of the electrodes, whether
conducting or insulating. Therefore the effective baseline must be measured electronically.

QFS is accustomed to measuring effective baseline of E-sensors in air. QFS owns a calibration
capacitor; a pair of 3 m disks separated by 1 m, which generate a uniform field in their center.
An air-based E-sensor is placed inside, a known field is applied, and the sensor response is
measured.
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Typical measurement of the effective baseline takes the form a transfer function (TF). A voltage
is applied to the capacitor and fed back into Ch1 of a Digital Signal Analyzer (DSA). The sensor
response is fed into Ch2 of the DSA. The DSA then records Ch2/Ch1 as a function of frequency.
This TF measurement is V ou¢/Vapp.

However the applied voltage is across the plates of the capacitor, therefore it is an applied field.
Therefore the TF is actually Vou/Eapp = Vou/(Vapp/d) = Vou/Vapp*d. Since d = 1 m, the TF is a
measure of baseline (including sensor gain), and is in units of meters. To find the actual effective
baseline the TF is finally divided by the gain of the sensor. QFS typically builds 2-paddle, air-
based E-sensors, with a geometric baseline of 10 cm. The measured effective baseline of these
sensors comes out closer to 7 cm.

In water the above calibration procedure will not work. Charge will flow in a conductor to screen
any applied E-fields. Supposing underwater electrodes were placed inside the QFS calibration
capacitor in a seawater bath, it is safe to assume the seawater would shield the sensor from most,
if not all, of the applied E-field. One might then ask what an underwater E-sensor actually
measures in seawater. It makes much more sense to discuss currents, in a conductor, than E-
fields. Thus the sensors are probing a voltage as it is dropped in the resistive medium.

Under the current program a new calibration procedure for underwater E-sensors was devised
and executed, based on this principle. Where normally a field is applied through the air
(capacitively), now the field would be applied as a current through the water (resistively).

A new calibration fixture was built: a capacitor with 32 cm diameter plates, separated at 64 cm,
with a 10 Q series resistor. The capacitor was placed in a volume of water, large compared to
size of the cal fixture, and a single-axis E-sensor was located in the middle, Figure 11. The
fixture was driven by the DSA as before, but instead of feeding the drive voltage back to Chl,
the voltage across the series resistor was measured. In this way the TF measured was Vui/lapp.
The difficulty then lies in converting the applied current to an equivalent E-field.
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Figure 11. Left: Diagram of underwater E-sensor calibration. Right: Modeled conversion
between seawater current and E-field inside test fixture.

An EM solver, Maxwell, was used to address this problem. The solver considers all the
conductors (i.e. conducting plates), insulators (i.e. plate backing and sensor), conductivity of the
medium, and assumes all walls etc. are distant. For a given current though the fixture, the model
calculates equivalent E-field inside the current plates, Figure 11 right. For this model the
conversion factor turns out to be 3.92 [A] /2 [V/m] through the plates. With this calibration
factor, TF, and gain, it becomes possible to measure the effective baseline, desr [m]. Dimensional
analysis shows:

The result of this measurement is shown below in Figure 12. The effective baseline is found to
be 0.107 m, 7% above the expected geometric baseline. The reason why the effective baseline
should be greater than the geometric is unclear. In the measurement all contributing variables
were carefully measured, including: dimensions and series resistance of test jig, water
conductivity, and sensor gain. The only reasonable remaining factor is the geometric baseline
itself. This was measured as the distance from the center of one electrode to the center of the
other. it is possible that somehow the geometric baseline somehow deviates from this
center-center metric.
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Figure 12. Calibration of single-axis underwater E-sensor.

Also shown in Figure 12 is the measured sensitivity of the E-sensor. This is achieved by
measuring the output noise (in V) of the sensor, while in a shielded environment. The output
noise is divided by the gain and the effective baseline, yielding sensitivity in units of E-

field (V/m). It can be seen that, aside from some 60 Hz harmonic noise below 1 kHz, the
sensitivity is generally on the order of 5 nV/m/rtHz across the band. This is a factor of 2 better
than the target sensitivity of 10 nV/m/rtHz.

4.3 Integrate Test Bed

The first step in building a test platform was to design and build a housing for the 3-axis sensor.
The original design requirements were simply to hold six electrodes in a configuration of three
orthogonal axes, each with a 10-cm baseline. Some thought was given to the routing of the
electrode cables, but the housing was primarily designed with ease of manufacture and assembly
in mind.

The electrodes are a passivated element with an embedded lead. During manufacture, an
electrode cable is crimped to the electrode lead and the junction is over-molded with a
waterproof, rubberized epoxy; visible above in Figure 4. The size of this over-molded junction
meant that two electrodes could not be mounted in line coaxially, while maintaining a 10 cm
baseline, illustrated in Figure 13. Instead the housing was designed to hold the electrodes
orthogonal to the direction of their measurement, Figure 13 right.
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Figure 13. Design choices for 3-axis E-field sensor. Left: Desired configuration. Right:
Necessary configuration for 10 cm baseline.

The two electrode arrangements shown in Figure 13 will both measure fields along the same
axis. Since the E-field is simply the difference in the voltages divided by the distance, the
orientation of the electrode is not critical. However the original configuration (right) did result in
an unfortunately large loop of electrode wires. As preliminary measurements with this sensor
began, the signals did not agree well with calculated values. Furthermore the pattern of the fields
seemed a better match for B-fields than E-fields.

To probe this effect further, measurements were made where the electrodes, shown in Figure 13
right, were compared to a loop of wire, of comparable area, connected to the same amplifier.
Three rough areas were tested, applying a Tx field aligned for maximum B-field pick-up, Figure
14. In all three cases electrodes and wire loop had similar response, indicating stray B-field pick-
up in the electrode wiring. For the case of minimal area (green traces) no B-field pick up is
evident.
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Figure 14. Stray B-field pick up in electrode wiring

The B-field pick up evident in Figure 14 can be attributed to the design of the amplifier. The
electrode amplifier has high input impedance. The electrode wires form a loop with non-zero
area, and the conductive seawater closes the loop. Although the seawater has much lower
conductivity than the copper in the electrode wires, the bulk of the voltage drop is across the high
impedance of the amplifier input. In effect, this configuration approximates the B-field induction
sensor used in the previous SERDP program (MM 1444), with a single turn. Fortunately, the
green trace of Figure 14 indicates that by minimizing the area of the loop, stray B-field pick up is
eliminated.

Thus the E-field sensor housing was redesigned to accommodate minimal wiring loops at the
electrodes, similar to Figure 13 left. This required a slight lengthening of the baseline, to 14 c¢m;
Figure 15. The sensor was not recalibrated at this baseline, instead it was assumed to be roughly
14 cm, as supported by the original calibration. This resulted in an overall increase in sensitivity,
since it is given by Vpeise/dbaseline-

A large water tub was chosen as the test bed. The tub is 5 feet long, 3 feet wide, and 3 feet deep,
and was filled with 350 gallons of salt water, to about 2.5 feet deep. The Tx coil was positioned
such that the coil windings sit just at the surface of the water. The Rx is suspended 25 cm
beneath the Tx coil, both to provide standoff from large voltages on the Tx coil and to ensure it
was well within the conducting medium. A 1 m x 1 m sheet of plastic was parceled out into a 10
x 10 grid, of 10 cm squares. The test grid was located 50 cm beneath the Tx coil (25 cm beneath
the Rx), Figure 16.
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Figure 16. Left: Photo of seawater test bed. Right: Side view diagram of test configuration.

The target used was a standard UXO-like test object. It is a 2” diameter, 6 inch long steel rod.
This target was chosen because it is of intermediate size, but its regular geometry yields good
SNR for detection experiments. The absence of points or rounded edges ensures the eddy current
signals from target accurately approximate a magnetic dipole.

Figure 17. Photo of standard UXO-like target used in data collection; 2 diameter, 6 long
steel rod.
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5.0 Results and Discussion
The UXO-like target was run through the test grid, vertically and horizontally aligned. The data
collected was compared to comparable data, collected with a magnetic induction sensor for the
same target and depth. The data was also compared to theoretical calculation of the expected
fields. The vertically aligned target produced data that compare favorably with both B-sensors
and calculated E. The horizontally aligned target did not produce as high a quality of data; this is
believed to be an issue with boundary conditions of the test set-up.

5.1 Data Collection

An experiment consists of collecting TDEM data from a target from every point on the test grid.
The test grid comprises 100 10-cm squares. During an experiment the target is placed in the
center of each square in succession. Data are collected at each location.

The test grid is located 0.5 m beneath the Tx coil and 0.25 m beneath the receiver. The typical
distance measurement, used previously for B-field sensors in MM 1444, is from the bottom of the
Tx coil to the bottom of the target. During that previous program, B-sensor data were collected
for a distance of 47 cm. Consistent with this, E-sensor data were collected at 50 cm. Note: the
distance of 50 cm was chosen over 47 cm out of convenience; the difference of 3 cm is deemed
negligible.

A single data collection consists of 100 stacked averages. A bipolar pulse is applied with the
transmitter, and the decay signals are measured after each. The bipolar pulse is stacked and
averaged, to eliminate DC offset and background noise. All together, 50 pairs of pulses are
averaged for a single run (100 pulses). The data are displayed as a single decay trace for the
given collection. An example of this type of data is shown above in Figure 2.

During analysis a time gate is chosen from the data. Data are collected from 100 ps out to 10 ms.
A typical time gate to choose is 400 ps; at this early time SNR is quite good and the frequency
corresponds to a well behaved portion of the pass band. The time gate can be converted to an
equivalent frequency according to: f= 1/(t). Thus 400 pus corresponds to ~ 2.5 kHz. The data
presented are shown at 400 ps, and the corresponding calculations are run at 2.5 kHz.

Two experiments were run with the steel rod target; vertical alignment (+z) and horizontal

alignment (+y). The results can be plotted either as the full decay at one grid location, Figure 18,
or as one time window at all grid locations, Figure 19.
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Figure 18. E-sensor TDEM response to steel rod; whole decay shown

Figure 19. Data grid for vertically aligned steel rod; shown for t = 400 us, shown for Ey
(left) and Ez (right)

The decay signal from the target can be seen clearly in Figure 18. The centered target has
excellent SNR (~200) decaying to the end of window. This plot clearly demonstrates the
detection capability of the E sensor.

The horizontal E-field shown in Figure 19 shows a well behaved pattern. The Ex data (not
shown) are roughly the same amplitude (within a factor of 2) but rotated 90°, as expected. The
model for a VMD does not suggest the presence of any E-field in the z-axis. However the Ez plot
clearly shows the field in that axis. The measured signal is much too large to be stray B-field
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pick up, yet theoretically no Ez should be present. The effect could be attributed to the boundary
conditions of the water tank, or possibly the fact that the z-axis is not centered in over the grid.

Data were also collected for a horizontally aligned target. The data were generally of a lesser
quality (not shown). This is believed to be an effect of boundary conditions. The model assumes
an infinite, conducting medium. For the case of a vertically aligned target in a large bath, this
approximation appears to hold. However when the target is horizontally aligned, this
approximation no longer holds.

In particular, the azimuthal E-field of Eqn 1 must circulate through an air-water-ground interface
at the bottom of the tank. In future work it will be interesting to measure horizontally aligned
targets in conditions with well behaved boundary conditions; say the littoral zone of the ocean.

5.2 Comparison with B-sensor

The experimental configuration described above endeavored to duplicate that used for B-sensor
measurements in MM 1444. However certain logistical issues made exact duplication of the
previous set-up difficult.

In this experiment the transmitter-to-target distance, and thus the induced dipole in the target, is
the same between these E-sensor measurements and the previous B-sensor measurements.
However in the previous B-field measurements the sensor-to-Tx coil distance was 0; whereas in
this experiment it is 0.25 cm. Though the induced signal in the target is the same for both E and
B experiments, the former will have stronger signal by virtue of having the receiver closer to the
target.

A direct comparison between the current E-sensor measurements and the previous B-sensor
measurements is possible, simply by scaling the amplitude of the E-field. Equation 1 above
allows for calculation of E as a function of position and depth. Plugging in identical positions
and magnetic moment, but depths of 0.25 and 0.5 m, yields a difference of a factor of 3.
Therefore the signal plotted above in Figure 18 can be scaled to a comparable distance as B.

A side-by-side comparison of E-field and B-field TDEM responses is given in Figure 20. The top
figure shows the E-sensor response as before, with the amplitude scaled down by a factor of 3
(dotted line). It is evident that both E-field and B-field responses show similar characteristics.
Both decay with roughly the same time constant. The scaled E-signal has a maximum SNR of ~
70, while the B-signal has a max SNR of ~ 200. Both show more than adequate SNR for
detection, though the overall SNR of the B-sensor appears superior.

A grid plot from the B-sensor measurement (from the MM-1444 project) is shown in Figure 21.
The grid patterns look very similar to that of Figure 19 left, but rotated 90°. Even the amplitudes
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make rough sense. In the near field the relationship between E and B can be found with
Faraday’s law:

VxE=—§ or |E|= w|B|

For a B-field amplitude of 40 pT and frequency of 2.5 kHz, an E-field of roughly 9.6 uV/m is
expected. Indeed the B amplitude is 40 pT and if the E amplitude is scaled down by 3, it is
~13 uV/m.
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Figure 20. Top: E-sensor response to steel rod, including scaled measurement to 0.5 m
sensor-to-target distance. Bottom: B-sensor response to steel rod for same set-up.

24



Measured By from Steel Rod Target, Vertically Aligned
Time Window = 400 us

Figure 21. Grid plots for steel rod target response in By; measured under MM1444

5.3  Comparison with Calculation

Equations 1-3 allow for direct calculation of the expected E-fields from a vertical magnetic
dipole. A side-by-side comparison of measured and calculated Ey is shown in Figure 22.
Excellent agreement is found between calculated and experimental values; both show the same
basic shape across the grid. If the target is assumed to have magnetic moment m = 0.03 Am’
(which is reasonable), the amplitude between measured and calculated is identical. It is
concluded from this comparison that the sensor is accurately measuring E-fields from the UXO

target.
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Figure 22. Comparison of measured Ey (left) and calculated Ey (right) for VMD

6.0 Conclusions and Future Work
In conclusion this program saw the development of a 3-axis underwater E-field sensor that is
capable of detecting UXO targets, at least to 0.5 m. The sensor was calibrated and the sensitivity
was shown to be 5 nV/m/rtHz over the band of interest (100 Hz to 10 kHz). The sensor was
optimized for TDEM measurements.

This novel underwater sensor was combined with an existing TDEM data collection system,
which underwent modifications to facilitate UXO detection with E-sensors. The sensor and
TDEM system were combined and E-sensor data were collected for a standard UXO-like target.
The TDEM E-sensor data collected with E-sensors performed well, agreeing almost exactly with
the calculated value, and also compared well with similar B-sensor measurements.

6.1  Conclusions

Though the E-sensor appears to have lower SNR than the B-sensor, this program has revealed
several potential advantages of using E-sensors. From the model it is evident that while the B-
field is center peaked, the E-field has a donut shape with a minimum in the center. The
maximum E-field is about 14 pV/m at a radius of 0.25 m from the center and varies by about a
factor of 2 over the grid. By contrast the B-sensor has a centered peaked response that falls off
~50x as the target is moved out to the edge of the grid.

The E-field signal is not quite as strong as the B-field, but area of maximum signal is much

larger for the E than for B. This will make detection easier, since larger portion of the Tx “halo”
gives good SNR with an E-field receiver. High SNR over a broader range of the Tx “halo” will
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result in higher fidelity data inversion for TD3D modeling. Furthermore, E-sensors could
simplify logistics of field deployment. The increased area of sensitivity will reduce over-pass
requirements of a scanning sensor and make the detection faster with less integration time.

It is lastly possible that the center-peaked B-response and the donut-shaped E-response are
highly complementary. In future systems it may be desirable to combine E-sensors and B-sensors
for a complete mapping of the target.

In summary, this program has shown:
1. UXO detection using TDEM is possible with the novel QFS underwater E-sensor.
2. An SNR of at least 70 is possible with this sensor, at a stand-off of 0.5 m.
3. Future work is warranted to optimize the detection capability of this sensor system and to
begin to explore its discrimination capabilities.

6.2  Future Work
Calculation and experiment show that a magnetic dipole emits vector E-fields and B-fields. This
vector field behavior can be exploited to not only detect, but actually discriminate threat objects.

It has previously been shown that a 3-axis vector B-field sensor allows discrimination of target
shape, using algorithms such as the Time Domain 3 Dipole (TD3D) model [Zhang, 2010]. The
work in this program highlights E-sensors as a potential candidate for continuation of this
development.

QFS believes this new underwater E-sensor is a novel approach to UXO detection in seawater,
with the potential to add data quality, SNR, and new capabilities. We plan to propose a follow-on
program to continue optimization of the detection capability of this sensor, as well as develop its
target discrimination capabilities. Specifically, QFS would propose:

1. Redesign of E-field amplifier for ultrafast recovery, with a view to “no-background” E-
field TDEM.

2. Perform the measurement in a larger water tank to simulate the real world case of targets
sitting at the interface of sea water and sediments.

3. Explore the combination of E-sensors and B-sensors for underwater UXO
detection/discrimination, and noise cancellation.

4. Build an integrated E/B receiver, possible a 6-axis sensor (3 E, 3 B).

5. Characterize the combined E/B receiver with measurements of UXO-like and scrap-like
objects.

6. Refine and test a TD3D algorithm for UXO detection/discrimination in the seawater
environment.
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