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Man-Portable Adjuncts for t}aie MTADS

Naval Research Laboratory
Washington, DC 2037 5

L. Introduction

1.1 Background

The U.S. Army Corps of Engineers - Huntsville (USACOE) estimates that approximately 20
million acres of land are contaminated with unexploded ordnance (UXO) or ordnance explosive
waste (OEW) within the continental US. This is the result of a variety of operations including
training, testing, manufacture, storage, disposal and intentional burials. Now, either through
congressional mandates such as the formally used defense sites (FUDS), base realignment and
closure (BRAC) or state litigation, these sites must be evaluated, remediated, as required, and
certified as safe for the intended ultimate public use. This is a very slow and costly process, and in
some cases, impossible to do with existing technologies and resources.

The Environmental Security Technology Certification Program (ESTCP) has the goal of its
UXO Cleanup Thrust developing automated, more economical, and more efficient methods to
accomplish UXO site cleanups through the demonstration and fielding of new technologies. One
of these funded programs was the Multi-sensor Towed Anay Detection System (MTADS)
developed by the Naval Research laboratory.t This system consists of a tow vehicle, two low self-
signature tow platforms; one for an eight sensor magnetometer array, the other for a three sensor
time domain electromagnetic (EM) pulsed induction array. MTADS uses GPS for navigation, sensor
position locations, and survey guidance, and a sophisticated data analysis system for interpreting
the field data. Analysis produces target reports and a variety of graphics products. The target
analyses include target positions, depths, and orientations. In addition, predicted target size and
a "goodness of fit" value show how well the target can be represented by a dipole model.2 This
system was demonstrated for ESTCP at the NRL's Chesapeake Bay Detachment at Chesapeake
Beach, MD in October 1996;3 at the Marine Corps Air Ground Combat Center, Twentynine Palms,
CAa in December 1996, and at the Jefferson Proving Grounds, Madison, IN in January 1997.s
Additionally, the MTADS was successfully demonstrated on the Badlands Bombing Range, on the
Pine Ridge Reservation, in South Dakota in July 1997;6 at the former Fort Pierce Naval Amphibious
Base, Vero Beach, FL in January 1998;7 the former Buckley Field, Aurora, CO in June 1998;8 the
l,aguna Pueblo Reservation in New Mexico in July 1998;e at the Portsmouth Naval Shipyard, in
Kittery, ME in October 1998;10 at the JPG IV Data Fusion Demonstration, in October 1998;11 and
at the Walker River Reservation, in Nevadal2 in November 1998. Based on the success of these field
demonstrations NRL signed a CRADA with a commercial company, and a non-govemment system
has been designed and built based on the NRL MZADS. It is currently available for commercial
use.13
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The USACOE has recently estimated that vehicle towed-array survey systems can be used
effectively on only about 30Vo of the UXO-contaminated land because of rugged terrain, buildings
on or near the site to be surveyed, or wooded sites. GPS navigation systems do not operate
effectively without a clear view of the sky, limiting the use of systems like MTAD,S under forest
canopies. ESTCP funded NRL to develop an MTADS man-portable magnetometer system (MMS)
in FY 98 and a man-portable EM system (EMMS) in FY 99. Each of the systems is being
implemented with both GPS and a new acoustic navigation technology to allow surveying in areas
without sky view. The system hardware designs have been carefully planned to allow MMS and
EMMS data to be incorporated with vehicular survey data. This has required implementation of
a new data acquisition system for both the vehicular and the man-portable systems and modification
of the data analysis system (DAS) to incorporate and seamlessly overlay all data sets.la

ln conjunction with this program, and other ESTCP and SERDP UXO programs being managed
by NRL, a new ordnance test range was established at the Blossom Point facility of the Army
Research Laboratory. This is the depot site for the MTADS and supports on-going development
activities for the MTADS system that take place outside the laboratory environment. The test site,
known as the Magnetic Test Range, is described in a separate document.Is The Magnetic Test
Range was very important for benchmark testing of the Man-Portable systems during their
development, and has served for test and evaluations of numerous other systems being developed
by SERDP and ESTCP by other organizations.

In August 1999 the Man-Portable systems were evaluated in a demonstration at the L Range at
Blossom Point, MD. This demonstration, described in the Technology Demonstration Plan,r6 was
conducted jointly with another SERDP program demonstration.lT The results of the L Range
demonstration revealed some development short-comings of the Man-Portable systems. The results
of the LRange Demonstration have been documentedl8 and will be further discussed in the body
of this report. The L-Range demonstration led to a final year of development and refinement of the
Man-Portable systems and a final demonstration of both adiunct systems at the Jefferson Proving
Groundte in August 2000.

1.2 Official DoD Requirements Statement

The Navy Tri-Service Environmental Quality Research Development Test and Evaluation
Strategic Plan specifically addresses under Thrust Requirements l.A.l and 1.A.2, the requirements
for improved detection, location and removal of UXO on land and under water. The index numbers
associated with these requirements are l.l.4.e and I .m.z.f. The priority I rankings of these
requirements indicate that they address existing statutory requirements, executive orders or
significant health and safety issues. Specifically the requirements document states:

There are more than twenty million acres of bombing and target ranges under DOD
control. Of particular concemfor the Navy are the many underwater sites which have yet
to be characterized. Each year a signfficant fraction (200,000-500,000 acres) of these
spaces are returned to civilian (Private or Commercial) use. All these areas must be
suneyedfor buried ordnance and other hazardous materials, rendered certified and safe

for the intended end use. This is an extremely labor intensive and expensive process, with
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costs often far exceeding the value of the land.... Improved technologies for locating,
identifying and marking ordnance items must be developed to address all types of terrain,
such as openfields, wooded areas, rugged inaccessible areas, and underwater sites.2o

The MTADS addresses all aspects of the Tri-Service Requirements for land-based buried UXO.
It is designed to rapidly and efficiently survey large sites, with commensurate economic benefits.
Moreover, it is capable of detecting all classes of buried UXO at their maximum likely penetration
depths. The system will correctly locate buried targets, determine their burial depths, classify the
likely ordnance size, and provide for future target way pointing, as well as create GlS-compatible
target output maps and sorted target tables. The man-portable adjuncts described in this document
were designed to allow this capability to be extended into areas of rugged terrain and areas with
poor sky visibility.to

1.2.1 How the Requirements Were Addressed Since there are many cofirmon components
between the MMS and the EMMS, they were developed under a single program management plan.
System performance specifications were developed that we felt would provide acceptable
performance for instruments that could be used in commercial service. The performance speci-
fications are documented in Table 1.

1.3 Objectives of the Demonstration

The great strengths of the MTADS are its sensitivity which allows detection of all ordnance to
its maximum self burial depths, the position location accuracy of the navigation and positioning
system, and the target analysis algorithms which allow location of buried objects to within the actual
ordnance volume, and the analysis output products which provide for the efficient reacquisition and
remediation of the targets. It was a design goal for the man-portable projects to preserve the
detection sensitivity for buried ordnance while extending the survey capability to include rugged
terrain and open forest areas. Furthermore, new hardware and software were developed and the
existing DAQ and DAS capabilities have been modified to allow integration of vehicular and man-
portable data for simultaneous analysis with a single analysis software utility. The projects
described in this report were designed to demonstrate these objectives.la

A secondary objective of the program is to transition the technology to the commercial sector.
A CRADA was signed with Blackhawk Geometrics to create a commercial version of the NRL
MTADS vehicular system.2l This system currently exists and is providing services to the
government on former ranges. A separate phase of the CRADA contains provisions for joint
development and transition of the man-portable adjuncts being demonstrated here. Therefore,
transition of the man-portable adjunct technology is assured. CRADA funds, in part, supported
the developments described in this document.



Talrle l. System Specifications and Requirements for the MTADS Man-Portable Adjuncts.

System
Specification/Requirement

MMS EMMS

Continuous Operating Time 2 hours 2 hours

Suruey Area (Single Setup) I Acre I Acre

Lane Spacing 0.5 m 0.5 or 1.0 m

Sensor Sensitivity 0.1 nT (same as vehicular MTADS) Scalable to vehicular MTADS

Sensor Data Rate l0 Hz l0 Hz

Navigation Data Rate GPS/5 Hz, Acoustic/l Hz GPS/5 Hz, Acoustic/l Hz

Sensor Position Accuracy GPS 0.1 m, Acoustic 0.25 m Same as MMS

Sensor height above ground 0.25 m (fixed) 0.25 m (fixed)

DAQ Compatible with vehicular DAQ based on
modified Geometrics 858 data recorder

Same data recorder as the MMS

DAS Seamless integration with vehicular data Same as MMS

1.4 Regulatory Issues

O There are no regulatory issues unique to the man-portable MTADS adjuncts. The primary
challenge is to gain the recognition and approval of the Army Corps of Engineers for these
technologies so that future RFPs for UXO range projects will be written in a manner that will either
sanction these technologies, or at least allow their inclusion in proposals for site work.

o

2.0 Technology Description

2.1 Background and Applications

Since there are many common components between the MMS and the EMMS, as mentioned
above, they were developed under a single program management plan. The primary platform for
each sensor involves a wheeled cart. This approach, we feel, provides for the smoothest operation,
allows coordinated deployment of all sensor and navigation hardware during suryeys, and maintains
the sensors at a fixed height above the ground. The sensor dimensions and the anay design were
limited to the width of a person's shoulders based upon the premise that the system should be
deployable in areas where a person could easily walk. An exception was made for the EM sensor,
as described below.
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t ' , System Component Descriptions (For the L Range Demonstration)22

2.2.1 Sensors The magnetometer sensors chosen for the MMS are Geometrics 858 ROV

Cesium Vapor magnetometers, identical to those on the MTADS vehicular system. New EM sensors

were developed with Geonics, Inc for this project. A lm X lm coil system was purchased which

had the same performance characteristics as the individual EM units on the vehicular array. A

second coil system was ordered with dimensions of 0.5 X 1.0 m. This system was designed so that

the wheels could be mounted either along the short or the long coil dimensions. This allowed the

system to be used as a 0.5 m wide instrument in tight or confined spaces or as a 1.0 m wide system

in more open applications. The sensitivity of the 0.5 m coil system was supposed to be increased

by addition of additional tums in the transmit coil. An initial demonstration was conducted at the

L-Range (a mortar and fuze test site) at Blossom Point, MD. Based upon a disappointing

performance in the L-Range demonstration the EM coil was subsequently replaced with a new 0.5

X 1.0 m instrument which replaced both the
older coils. This new system is described in
Section 6 of this document.

2.2.2 Platfurms BoththeMMSand the
EMMS are intended to be operated primarily
with the sensors mounted on two-wheeled carts.
The sensors and the navigation antennas are
mounted on the cart. Batteries and navigation
hardware are mounted in a specially designed
backpack wom by the operator. Several concept
designs were assembled from PVC tubing and
other plastic components until a preliminary
design was fixed. At this point a prototype
magnetometer caft was designed and procured
from a plastics fabricator. The prototype MMS
survey system is shown in Figure I operating
with the GPS navigation system. Subsequent to
the L Range Demonstration, the MMS was
completely redesigned. The redesigned system
is described in Section 6.

The commercial Geonics EM-61 coils are
delivered with a two wheeled transport system.
This design, as shown in Figure 2, was used for
the prototype instruments. Either the 0.5 X 1.0
m or the 1.0 X 1.0 m coils were designed to be
usable as a single cart. The cart and antenna
support system is designed to rigidly hold both
the top and bottom coils in place, with the GPS
or acoustic antenna mounted centered above the

Figure 1. The MMS prototype system deployed at the
L-Range Demonstration.

Figure 2. The EMMS prototype system deployed at the
L-Range Demonstration.
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upper coil. Rigidity is required because the GPS antenna has a significant signal at the upper coil
which must be nulled as part of data preprocessing. Because of the excessive weight of the system
batteries and the GPS instrumentation, the equipment was split between two backpacks for the L
Range demonstration, as shown in Figure 2. When using the acoustic navigation system all
equipment was accommodated in a single backpack and only a single operator was required to take
survey data. As a result of the demonstration at the L Range, the EMMS was replaced by a new
instrument as described in Section 6.

2.2.3 DAQ The backbone of the Man-portable survey equipment is the modified Geometrics
858 data recorder, Figure 3. The standard Model 858 commercial system is configured with dual
cesium vapor sensors, which can be used as two separate magnetometers or in a gradiometric
configuration. The off-the-shelf 858 also comes with one RS-232 COM port access to the palm-top
data storage device. Two battery packs are included with an operating time of six hours each. The
data logger stores 2.5 Mb of data or about 4.5 hours in the MMS configuration in which the GPS
is recorded at 5 Hz and the sensors at l0 Hz, in up to five separate files. The single COM port
provided with the standard unit is suitable for GPS or manual input of ASCtr text.

The Model858, modified for use with the MMS and the EMMS, incorporates three more COM
ports to accommodate the additional data inputs needed for the MMS. These COM ports are
included in the 858 battery (9 pin) connector. The original COM port, located in the data out/GPS
connector (8 pin), is called COM Port 1. The first port in the battery connector is called Port 2 and
in the MMS is used for the GPS GGK string input at 5 Hz. Port 3 is used to input the lHz acoustic
navigation data from the USRADS Data Pack. Port 4 is used to input the I pulse per second from
the Trimble 1400 receiver or the sync pulse from the acoustic navigation system. The system
software has been modified to trigger the data stream from the EM61 through COM ports.

When the MMS is deployed with GPS navigation, all data are recorded on the 858; the 2 mag
sensors, the 5 Hz GGK string from the Trimble 7400 (PWR yO l) and the I PPS (Aux port). All
data are downloaded through COM Port I in
binary format. When the MMS is deployed
with the USRADS acoustic navigation system,
the record number generated by the transmitter
is recorded in the 858 via COM port 3 along
with the sync pulse through the 858 COM port
4. Positions (tagged with the record number)
are derived at the remote site and combined in
the DAS. The Geometrics data logger can
eitherbe mounted on sensorplatform as shown
in Figure 3, or can be worn in a "fanny pack" on
the waist of the operator as shown in Figure 2.

2.2.4 Navigation TrimbleModel7400
GPS receivers, currently used by the vehicular
MTADS, were used for the primary MMS
demonstration at the L Range. This system,

Figure 3. The Geometrics Model 858 data logger serves
as theDAQ forboth the MMS and theEMMS deployed
with either the GPS or acoustic navigation systems.
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operating with a Model 4000 SSI base station receiver, provides the full range of GPS location
options. In the highest precision fix, RTK, (level 3, Real-Time Kinematic) the base station provides
a differential position fix with fully resolved numerical ambiguities. This real-time location
accuracy is2-5 cm. A level2 fix, (Float) is accurate to 10-50 cm because some of the integer
ambiguities remained unresolved in the solution. The traditional differential solution (level 4)may
have an accuracy degraded to 0.5-1.0 m, depending upon the number and position of the satellites
in the solution. MTADS surveys are begun only with a level 3 fix. If during the survey the fix
quality briefly drops to level 2, offsets and corrections are implemented in the data cleanup process.
Survey data based upon lower quality fixes are typically not used in MTADS surveys.

The navigation fix quality can be observed only by using the chat mode during setup. If the
GPS fix quality drops below float during a survey, the operator is not informed. For the L- Range
demonstration using the Trimble satellite planner allowed us to avoid poor survey times. However,
this approach was deemed unacceptable because the potential exists for collecting unusable data.
The display and readout options were subsequently improved, as described in Section 6.

The Chemrad Navigation System (USRADS Model2300) provides acoustic navigation data
when satellite visibility will not support GPS navigation. This system deploys an acoustic
transmitter on the rover platform and a network of up to ten transponders at fixed stations about the
perimeter of a survey site. The system uses time-of-flight data to triangulate among all possible
pairs of transponders to create a location position which is updated at10Hz. Evaluation testing in
wooded areas has demonstrated that the USRADS System provides navigational fixes which are
accurate to -25 cm when 10 stationary receivers (S/R) are used to enclose a one acre wooded site.
Under good conditions the acoustic sensors have a range ofabout 200 ft. This accuracy is degraded
in high wind or high noise environments or when visibility is limited by obstructions. Deployment
strategies are critical for successful use of this system. See the further discussion below and in
Section 5.2.4 abott limitations and potential improvements of the system.

2.2.5 DAS The MTADS Data Analysis System (DAS) has been modified to accept the data
from the MMS and is fully integrated to merge the vehicular and MMS data, or multiple MMS data
sets and provide the same analysis capabilities. Once preprocessing steps have been carried out,
magnetometry data from the MMS or the vehicular system (using either navigation system with the
MMS) can be combined into single survey data sets. For instance, wooded areas within a larger
vehicular survey area, would be completed with the MMS (and acoustic nav) and edited to fill in
missed areas in the vehicular survey. In general, data from multiple surveys of the same areas are
not commingled, the better data would be used for any given area.

The identical approach is not used for data taken with the EMMS. Because of the different
sensitivities of the various EM coil systems, and the various deployment options, a decision was
made to process EMMS data separately from vehicular EM data. The baseline MTADS DAS
currently has all necessary utilities, routines, and switches to allow processing of data from all
vehicular and man-portable setups regardless of the navigation system used to survey.
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2.3 Advantages and Limitations of the Technology

The MMS and EMMS were designed to allow the MTADS survey capability to be extended into
rugged terrain that cannot be traversed by the tow vehicle. The addition of the acoustic navigation
system allows the survey capability to be extended into areas that have limited sky view, including
under forest canopies. The wheeled MMS cart is designed to be pushed ahead of the operator
allowing him to maneuver through fairly tight spaces. The width of the cart and sensor zurays are
designed to be at or below the width of the operator's shoulders. The wider EM coils are available
for areas with less severe space constrictions.

Maintaining the sensors on the carts allows for smoother operation, minimizing motion-coupled
noise and effors from uncontrolled swinging motions typical of sensors mounted on a hand-held
boom. On the carts a fixed relative position of the sensors with the navigation antennas is
maintained. A disadvantage of this design is that access is precluded from areas that are very tight
and from areas that have difficult ground cover such as brush, deep mud, or extremely rugged
tenain.

2.3.1 System Limitations The MMS and the EMMS were demonstrated on the LRange at
the Army Research l,aboratory during the week of 13 September 1999. Part of the site was in the
open near a tree line. The remainder of the site was in the woods where the acoustic system was
exclusively used for navigation. In open areas duplicate surveys were conducted with each
navigation system. In the MMS surveys the location accuracies and the detection sensitivity levels
were comparable to the MTADS towed array system with the GPS navigation system. Sensor
location accuracy was lower when using the acoustic navigation system. These results are described
more fully in Section 5.2.3 of this report.

In conducting EMMS surveys on the L-Range, we noted that the lower sensitivity of the
0.5m X 1.0m coils significantly degraded the system performance of the EM adjunct relative to the
vehicular EM array. As deployed on the L-Range, the EMMS trailing behind the operator, is
unstable and side-to-side rocking motions on rough ground produced location inaccuracies because
of antenna displacement. The EMMS was relatively difficult to navigate in the woods because it
trails behind the operator and is side-to-side unstable. It is difficult to maneuver through close areas
because the operator cannot see when the coils or the wheels are becoming entangled in brush or
going to be trapped by trees.

In addition, we identified several areas in which improvements could increase the
ruggedness,reliabilityorlong-termusabilityoftheadjunctsystems. Overall,followingtheLRange
Demonstration, we concluded that while the adjuncts met most of the design performance
specifications, they were unsuitable in their present configurations for use as commercial field
instruments. We undertook numerous upgrades and modifications during FY-2000, the third year
of the program, in preparation for the final demonstration. These modifications are outlined in more
detail in Section 6.
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