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(57) Abstract '

A locating system has its performance enhanced by the use of digital filtering. The locating system may include a transmit-
ter for transmitting an electromagnetic signal from a concealed object. The locating system may also use electromagnetic signals
from existing electromagnetic sources unrelated to the locator system. A receiver (201, 202, 204, 205, 207, and 210) is provided for
receiving a selected electromagnetic signal. The signal is subsequently converted (211) from an analog signal into a digital signal
and subjected to digital filtering (212). The resulting digital signal is then processed (212) to provide location information about

the concealed object.
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AN IMPROVED SYSTEM FOR LOCATING CONCEALED
UNDERGROUND OBJECTS USING DIGITAL FILTERING

TECHNICAL FIELD

The present invention generally relates to a system for use in
determining the location and depth of conecealed underground objects
and more particularly to an improved locator system which uses a
receiver that detects an electromagnetic signal radiated from a con-
cealed object and processes that signal to determine object location
and depth.
BACKGROUND OF THE INVENTION

A variety of devices are used to determine the location of con-

cealed underground objects. Determining the location of such con-
cealed objects as underground gas, sewer and water pipes, power
cables, and telephone and CATV cables or conduits is a necessary pre-
requisite to excavation and/or laying of new lines, pipes or cables.
For simplicity, these underground objects are hereinafter referred to

as underground "lines."
In some applications, an underground steerable boring tool is

utilized to form an underground tunnel through which underground
lines are subsequently routed. While using a steerable boring tool, it is
important for an operator to trace or keep track of the relative loca-
tion of the existing lines with .respect to the boring tool, in order to
avoid contacting the existing lines with the tool. In other applica-
tions, a trench is excavated and the lines are subsequently placed in
the open trench. While excavating these trenches, it is equally
important for an operator to know the location of any existing lines in
order to avoid contacting them with the excavating equipment.
Special purpose electromagnetic signal detector systems,
which are commonly called "locator systems," have been used for
many years to locate and/or trace the path of the boring tool or
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concealed underground lines. Various types of locator systems exist,
but receivers that detect electromagnetic signals radiating from
either the underground lines or a small transmitter located within the
boring tool are by far the most widely used. Such radiated signals are
generally produced in two ways: (1) an alternating current signal
from a transmitting above ground source is induced into a eonductive
line which generates an electromagnetic field around the line, or (2) a
signal is radiated from a small transmitter either mounted inside a
boring tool or positioned within a non-conduective line. '
Generally two types of signal sources will induce a current in a
conductive line which, in turn, will generate an electromagnetic field
around the line: active signal sources and passive signal sources. An
example of a passive signal source in the locating environment is the
signal radiated from a broadeast station. When such a signal encoun-
ters an exposed portion of a buried conduetive line, the signal induces
a current in the underground portion of a line, which generates an

‘electromagnetic field around the line. Such a source is called a pas-

sive signal source, because it requires no operator intervention to
generate the electromagnetic field. The problem with a passive sig-
nal source is that the same signal may be induced into many different
lines, which complieates the operator's task of distinguishing between
different lines.

Conversely, an active signal source is intentionally utilized by
an operator to generate an electromagnetic field directly associated
with the object to be traced. For example, an operator may couple a
signal having a known frequency of up to approximately 150 kHz to an
underground cable, for the purpose of generating a distinet electro-
magnetic field around the cable. The presence of the distinet electro-
magnetic field allows the operator to locate the cable and distinguish
it from other cables with an above-ground receiver. Another example
of an active signal source is a small, underground transmitter which
may be installed in a boring tool or passed through a non-conductive
line. A distinet signal radiated from the underground transmitter

allows the operator to trace either the path of the boring tool or that
of the non-conductive line.
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Both passive and active sources may be used with the present
invention. Each has its advantages. A key advantage of an active
signal source is the capability of coupling a distinetive frequency sig-
nal into one conductive line, and distinguishing that particular line
from adjacent or nearby lines. Consequently, the eonductive line of
interest can be traced with less confusion or interference from adja-
cent lines. Since the frequeney of a coupled signal can be controlled
very precisely, a very narrow bandwidth may be used for greater
selectivity in the receiver. Also, the use of a narrow bandwidth
improves the signal to noise ratio and increases the sensitivity of the
receiver. The use of a narrow bandwidth in a locator system can be
especially important for locating conductive lines in the vicinity of a
strong radio transmitter, where the airborne signals can mask a sub-
surface signal unless the airborne signals are filtered out by the
receiver's selective, narrowband circuitry. Another advantage of an
active source is that the locator's calculations of the position and
depth of underground conductive lines are not effected by electro-
magnetic field distortions from multiple signal sources to the same
degree as they are with a passive signal source.

A passive source has the advantage that no transmitter is nec-
essary. A receiver is all that is required. Thus, operation is simpler if
a passive source is employed.

Assuming an active source is used, the practical way to couple
a signal to an underground conductive line is simply to attach a wire
direetly from the transmitter to the line. Such a technique is illus-
trated in U.S. Patent No. 4,387,340 to Peterman. If this approach is
not feasible, it is also possible to attach the transmitter wire to a
toroidal clamp, which is placed around the circumference of the line
in order to induce a current into the line. Alternatively, if the signal
cannot be readily coupled directly to the line because, for example,
the line is completely buried, the signal can be coupled indirectly into
the line by using a coil located in the transmitter and passing an
alternating current signal through the coil. The electromagnetic field
from the coil in the above-grdund transmitter radiates through the
earth and induces current in the buried line. The signal induced in the
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line is then re-radiated from the line and detected with a loeator
receiver.

As shown in Peterman, an active signal source is commonly
used when an operator desires to locate and trace a specifie under-
ground line that is near numerous other lines. A distinetive frequency
signal is coupled from a loeator transmitter to the line to be traced.
In such an embodiment, the transmitter generates a signal at a spe-
cific frequency. The locator receiver is manually tuned to the fre-
quency of the transmitted signal. Thus, the receiver operator can
thereby distinguish the particular line which is radiating the transmit-
ted signal from the other, nearby lines which are not radiating the
transmitted signal.

More specifically, Figure 1 illustrates a perspective view of a
conventional above ground locator system utilizing an active signal
source. Transmitter 10 is positioned on the surface of earth 15 above
buried line 20, which is the concealed object to be traced. Transmit-
ter output connector 12 is connected to a wire 18, which is in turn
connected to conductive line 20. The connection of wire 18 to line 20
may be accomplished by directly attaching wire 18 to line 20, thus
providing an electrical connection therebetween, or by connecting a
toroidal clamp (not shown) to wire 18 and placing the clamp around
line 20 to thereby induce the current. Thus, the output signal of
transmitter 10, which is an AC continuous wave (CW) signal, is
induced into line 20. Alternatively, if line 20 is buried to the extend
that it is inaccessible by a wire attachment or toroidal clamp, the
output signal is eoupled to internal coil 11 in transmitter 10, which
radiates an electromagnetic field corresponding to the CW signal.
The radiated signal propagates through earth 15 and is indueed into
line 20. Consequently the output signal from transmitter 10, which is
at a unique frequency, generates an electromagnetic field that radi-
ates from line 20 with a field pattern 32 as illustrated in Figure 2.
Referring again to Figure 1, receiver 30 is positioned on the surface
15 in the general vicinity of line 20 and manually tuned by an operator
to the frequency of the transmitted signal. By sensing and processing
the signal radiated from line 20, and using conventional locating
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techniques, the receiver operator locates the position of line 20 and
traces the signal along the line's path.

Figure 3 illustrates a perspective view of a conventional sub-
surface type active signal source loeator transmitter which, in this
case, is utilized for tracing the progress of a steerable, underground
boring tool in order to avoid contacting existing lines with the tool.
Referring to Figure 3, transmitter 50 is placed within or closely
behind boring tool 52. Transmitter 50 radiates a signal through earth
15 to above ground receiver 30. In response to location information
provided by the receiver, an operator (not shown) of boring tool 52
rotates drill string 54 about its boring axis to control the direction of
boring tool 52.

In another conventional application, it is sometimes required to
detect and trace the paths of plastic or concrete underground pipes.
Since these lines are non-conductive, there is no way to trace them by
inducing an alternating current signal in them and detecting the radi-
ated electromagnetic field. Consequently, a small subsurface trans-
mitter is inserted into the plastic or concrete line, and the electro-
magnetic field radiated from the transmitter is detected by an above
ground receiver and traced by an operator along the path of the line.
Referring to Figure 4, subsurface transmitter 60, which utilizes an
active signal source, includes coil 62 which is wrapped around
ferromagnetic rod 64. Coil 62 is energized with a closely controlled
signal frequency by oscillator 66. Oscillator 66 is powered by an
internal battery (not shown). Subsurface transmitter 60 is attached to
rod 68 and pushed down the length of plastic or concrete line 65.
Receiver 30 detects and processes the electromagnetic field radiated
by transmitter 60. Consequently, a locator operator can trace the
position of subsurface transmitter 60 as it is routed through line 65.

An example of a passive source is shown in Figure 5. Broadcast
station 61 transmits electromagnetic waves 62 which are coupled into
line 59 through an exposed portion of the line 63. These electromag-
netic waves are re-radiated from line 59 and detected by receiver 60.
Thus, the location of underground line 59 may be ascertained.
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Conventional locator systems are relatively inflexible and inef-
ficient from an operational standpoint, because of their use of analog
filters. These filters require factory tuning and are quite susceptible
to damage in the field. Furthermore, the selectivity of the analog
filters is quite limited, and this adversely affects their accuracy and
performance.

SUMMARY OF THE INVENTION

Accordingly, it is an object of this invention to provide an
improved locator system that transmits electromagnetic radiation
from an underground source and receives and processes this informa-
tion through digital filtering.

It is a further object of this invention to provide an improved
receiver for use in an underground concealed object locating system,
the improved receiver utilizing a digital filter.

It is yet further object of this invention to provide an improved
locator system having improved sensitivity.

It is a yet further object of this invention to provide an
improved locator system having improved versatility.

It is a yet further object of this invention to provide a method
for selecting a digital filter for use in a locating system.

In accordance with the present invention an improved locator
system is provided, including a receiver, which detects and processes
a signal that radiates from an underground line. The receiver uses
digital filtering to isolate the signal which was originally transmitted.
The digital filtering provides a more selective system. Furthermore,
digital filters do not require factory tuning and are less suseceptible to
damage in the field. Finally, the characteristics of digital filters may
be changed by software. Thus, the filter characteristies can be
altered without a major overhaul of the instrument.

In accordance with another embodiment of the present inven-
tion, a method is provided for selecting a digital filter for use in a
locator system. The method includes the first step of choosing
parameters for a digital filter, and a second step of doing a stabiliza~
tion analysis of the resulting digital filter.
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BRIEF DESCRIPTION OF THE DRAWINGS

A more complete appreciation of the present invention and
many of the attendant advantages thereof will be readily obtained as
the invention becomes better understood by reference to the follow-
ing detailed description when considered in connection with the

accompanying drawings.

Figure 1 illustrates a perspective view of a conventional above
ground locator system for locating underground conductors.

Figure 2 illustrates the electromagnetic field produced by a
current carrying conductor.

Figure 3 illustrates a perspective view of a conventional loca-
tor system for locating a boring tool using a subsurface transmitter.

Figure 4 illustrates a perspective view of a conventional loca-
tor system for loeating a non-conductive underground object using a
subsurface transmitter.

Figure 5 illustrates a perspective view of a conventional loca-
tor system for locating a concealed underground object using a passive
source of electromagnetic waves.

Figure 6 is a block diagram of a receiver for use in a system for
locating concealed underground objects according to the present
invention.

Figures 7a, 7b, 8 and 9 are MATLAB listings used to choose and
analyze the digital filters of the present invention.

Figures 10-57 plot responses and list parameters of various
digital filters in accordance with the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

According to the present invention an improved locator system
is provided. A receiver is used for detecting electromagnetic waves
radiated from a concealed object. The source of those waves may be
either a transmitter used in conjunction with the receiver or it may
be another source unrelated to the locating system, for example, a
radio broadeast station. A transmitter which may be used in conjunc-
tion with the present invention is deseribed in commonly assigned,
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co-pending applications entitled "Operator Interface for a System for
Loecating Concealed Underground Objects" (Atty. Docket No. 30568);
An Improved System for Loecating Concealed Underground Objects"
(Atty. Docket No. 28338); and "An Improved System for Locating Mul-
tiple Concealed Underground Objects" (Atty. Docket No. 28337), the
disclosures of which are expressly incorporated herein by reference
thereto.

Thus, the receiver of the present invention operates in one of
two modes: passive mode or active mode. In the passive mode, the
receiver may operate in any one of three submodes. The submodes
determine the frequencies to which the receiver is tuned, depending
on the type of electromagnetic waves being detected. In the power
submode, the receiver is preferably tuned to a frequency of either 150
Hz or 180 Hz. In this submode, the receiver is detecting leakage from
power cables which generally operate at 50 Hz of 60 Hz. Almost all
the power cables leak some energy, and this energy may be detected
in order to determine the location of the conductor. It should be
noted that the power cables therefore actually leak at their operating
frequency, i.e. 50 Hz or 60 Hz. However, outside interference ham-
pers performance if the receiver is tuned to those frequencies.
Therefore, the receiver is preferably tuned to the third harmonie of
those frequencies, 150 Hz and 180 Hz, respectively. Further, filter
performance is better at these third harmonic frequencies.

In the radio narrowband submode, the receiver is tuned to one
of six radio frequencies broadcast internationally. These radio fre-
quencies, when broadcast from a station, are often coupled into
underground cables through an exposed portion. The waves are then
re-radiated by the cable, and can be detected in order to determine
the location of the cable.

In the radio wideband submode, the receiver is tuned to one of
six bands of radio waves. Each band preferably falls between 10 kHz
and 40 kHz and, in the preferred form, is 5 kHz wide. The radio
wideband submode is used to detect radiation over a relatively wide
area of the electromagnetie speetrum. Thus, it may be used to survey
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a location about which no prior information is available. However,
the radio wideband submode is not very sensitive or very selective.

In the aetive mode, a source of electromagnetic waves is pro-
vided for the specific purpose of injecting those electromagnetic
waves into the underground, concealed line. The transmitter used
with the present invention emits one of three standard frequencies:
1.170 KHz, 8.010 kHz and 29.430 kHz. Filters tuned to these frequen-
cies have a very narrow bandwidth and are very selective. Thus, they
are very sensitive and provide a wide dynamic range.

Figure 6 illustrates a block diagram of a receiver according to
the invention. Two ferrite-loaded loop antennas 201 and 202 are used
to receive signals from a transmitter (not shown in Figure 6) as radi-
ated by an underground line. The antennas 201 and 202 are arranged
in an array to provide comparative amplitude information for line
location information and line depth estimation. This allows the oper-
ator to determine both the location of the line and the depth of the
line being traced. Furthermore, the use of an array provides a narrow
beamwidth. The narrow beamwidth gives the antenna a directional
characteristie. It is more sensitive to signals received from a given
direction than to signals from other directions. The inductance repre-
sented by each of the antennas is resonated at a frequency less than
the alias frequeney with shunt capacitors 204 and 205. This action
provides some protection from frequencies which lie above the
desired deteetion band which may be folded into the detection band as
an interfering signal. Resonating the antenna provides the function
of an anti-aliasing filter and further serves a gain-matching purpose
for depth measurement at higher frequencies. Furthermore, this
technique reduces discrete sampling effects imposed on the antenna
signals by the A/D conversion process to be described later.

Each of the antennas 201 and 202 is separately tuned. The out-
puts of the antennas 201 and 202 in Figure 4 are labeled "upper" and
"lower", respectively.

The antenna elements 201 and 202 are connected to pre-ampli-
fier 207. The multi-channel pre-amplifier 207 provides gain for the
individual antenna elements and may be used to limit each antenna's
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bandwidth. An additional channel of the pre-amplifier is used for
signal combination. In specific, signals from the upper and lower
antennas are combined.

Gain and resonance adjustments are provided to coarsely bal-
ance the antenna channels at the different transmitted frequencies.
This feature is used primarily for depth estimation by known
techniques.

The outputs from pre-amplifier 207 are connected to the inputs
of multiplexer 210. Multiplexer 210 selects one of the channels from
pre-amplifier 207 to be processed at any given time based on the par-
ticular antenna operational mode chosen. The antenna operational
modes include single antenna locating, dual antenna locating, and
depth estimation. A later described mieroprocessor chooses the mode
based on operator input.

The output of multiplexer 210 is connected to analog-to-digital
converter 211. The A/D converter 211 is a 16 bit, dual channel
device. The A/D converter 211 is provided to produce digitized data
at the earliest possible point in the signal path. This minimizes noise
and interference effects and maintains the dynamic range of the
input signals.

The A/D converter 211 operates at 78,125 samples per second.
This sampling rate is an important design parameter because, as a
harmonic of the system clock, it minimizes converter induced inter-
ference. Further, this frequency minimizes harmonic interaction
with a later deseribed proeessor and DC-to-DC converter. Lastly, the
filter frequencies are normalized using the sampling rate.

The digital output from A/D converter 211 is passed to digital
signal processor 212. The digital signal processor 212 performs sev-
eral functions. Most importantly, it executes the filtering and detec-
tion algorithms. Further, it controls the operator's keyboard and the
operator's display. The display may be a basic four character display
of setup parameters and operating mode, or may be a display which
provides more information, such as described in the referenced
co-pending applications. For example, the digital gain and detected
signal level may be continuously displayed.
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Digital signal processor 212 is a 16-bit deviee but its internal
data paths are 32 bits wide for extended precision arithmetie. This
extended precision is required to maintain stability in the filtering
algorithm which uses 32-bit arithmetie. Furthermore, 32-bit preci-
sion preserves the dynamic range of the filtered signals. Digital sig-
nal processor 212 includes a microprocessor. An example of a micro-
processor that may be used with the present invention is Texas
Instrument's microprocessor model TMS320C25.

The digital signal processor 212 is interrupt-driven. Processing
oceurs only when data is presented to the digital signal processor 212
by A/D converter 211.

When a key is pressed on a keyboard 214, the filtering algo-
rithms are ignored until the operator request can be satisfied. If
there is no outstanding operator requeét, the filtering algorithms are
processed continuously providing the operator with a continuous
output.

A speaker 215 is provided to give an audible indication of the
signal strength. Since this audible indication varies continuously
depending on the receiver's proximity to the concealed object, the
location of the concealed object can be pinpointed. An operator
display 213 also is provided. Display 213, as described above, is driven
by digital signal processor 212.

The keyboard 214 contains a plurality of keys for actuating
various functions. These keys are interpreted by the digital signal
processor sof tware, which performs the requested function when the
keyboard is activated.

The power is supplied to all components of the receiver by a
battery. A DC-to-DC converter supplies power at appropriate volt-
age levels to the various components of the receiver. Battery status
is monitored digitally by the digital signal processor 212. The digital
signal processor issues an operator warning when the battery power
decreases below a predetermined value. Optionally, the digital signal
processor 212 can also display an estimate of battery life.

The details of the filter algorithm will now be discussed. The
filter algorithm is composed of two, casecaded, second-order sections.
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Such a filter is shown in Rabiner, L.R. and Gold, B., Theory and Appli-
cations of Digital Signal Processing, (Englewood Cliffs, N.J.:
Printice-Hall), p. 23, which is incorporated herein by reference.
These sections are independently designed with a specifie center fre-
quency and bandwidth using known techniques. In particular, an algo-
rithm for computing the characteristics of the filter is shown in Fig-
ure 2.21 of Rabiner et al.

The digital filters are based on second-order polynominal
ratios. An example of the design of a second-order section may be
found in Press, W.H., et al., Numerical Recipes, The Art of Scientific
Computing, 1988 (New York: Cambridge University Press), pp.
440-442, which is incorporated herein by reference.

The two-section cascade was implemented using 32-bit arith-
metie with the appropriately scaled parameters for the filter charac-
teristics. Parameters representing the filter characteristics are
selected by the operator, and the those parameters are passed to the

filter routine and applied to the incoming data. More specifies of
choosing the filter characteristics are discussed below. The filter
output is scaled and passed to a moving average detector stage.

The detected output is then re-scaled and output via a speaker.
The output of the speaker is representative of the strength of the
electromagnetic signal radiated from the concealed object. There-
fore, the operator ean pinpoint the location of the object.

There are various techniques of choosing, programming, and
analyzing digital filter characteristics. The technique hereinafter
described is for example only, and other known techniques may also
be used.

The filters of the present invention were chosen and analyzed
using functions called "P805SZF" and "P805F", listings of which are
given in Figures 7a and 7b, respectively. Furthermore, the passband
response of the filters was analyzed using another program. A listing
of it is provided as Figure 8. The listings are MATLAB programs.
MATLAB is a trademark of The Math Works, Inc.

Function "P805SZF" estimates the individual filter section per-
formance, plots the wideband or passband amplitude response,
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computes the nearest equivalent analog filter, and provides the trans-
fer function for the sampled data filter. Funetion "P805F" estimates
the combined response for the cascaded sections.

There are four important parameters used for selecting the
digital filter for use in the present invention. They are as follows:
AOll1, AO12, AO21, and AO22. AO11l and AO12 are parameters for
the first filter section, and AO21 and AO22 are parameters for the
second filter section. The parameters are functions of the center
frequency, the sampling rate and the quality factor.

In specifie,

AOx1 = 2%(1-1/q)*cos(2*pi*fctr/fsmpl)*16,384
and ‘

AOX2 = ~(1-1/q)%*32768
where X equals 1 or 2 (depending on filter section being formed),

' q = quality factbr,

fetr = center frequency, and

fsmpl = sampling frequency.

The quality factor q is not necessarily defined as the typical

. quality factor in eircuit analysis. It is an experimentally determined
quantity, chosen by trial and error based on filter performance.

A MATLAB listing of a program which performs this calcula-
tion is presented in Figure 9. Figure 9 also shows the actual output of
the program, that is, coefficients based on the above formulae.

Once the filter parameters are determined, they are passed to
function "p805f" which plots the filter characteristics and computes
the "z" transfer function of the overall filter. Thus, the filter's per-
formance can be evaluated.

After what appears to be a suitable filter has been determined
in the above manner, a stabilization analysis must be done in order to
complete the selection process. This stabilization analysis involves
manually plotting the impulse response of the filter and observing
how long it takes for the filter to stabilize. If the filter stabilizes in a
time short enough in duration for the proposed use, then it is an
acceptable filter. If not, another filter must be chosen by repeating
the entire process. The stabilization analysis is subjective. The
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designer must decide how long the user can reasonably wait for
results.

Examples of filter operation at various frequencies in various
modes are shown in Figures 10-57. A description of each example
now follows:

Example 1

Figure 10 illustrates the filter response when the receiver is in
the passive mode at the power frequeney of 50 Hz. The filter in this
mode is actually tuned to a frequency of 150 Hz. This is because
examining the 50 Hz signal has been found to be difficult because of
interference. Examining the third harmonie has proved to yield bet-
ter performance with less interference. Figure 11 illustrates the
passband response in the selected mode at the selected frequency.
Figure 12 is a printout of the output of the MATLAB function "p805f"
showing the aetual filter characteristics and coefficients in the
selected mode at the selected frequency. As it seen from the printout
AO11 = 31731, AO12 = -32689, AO21 = 32732, and AO22 =-32701. The
bandwidth is 16.898028 and g = 9.038548.

Exampie 2

Figure 13 illustrates the filter response when the receiver is in
the passive mode at the power frequency of 60 Hz. Again, the filter
is actually tuned to 180 Hz, the third harmonie of 60 Hz, in order to
reduce interference effects and provide a better filter performance.
Figure 14 illustrates the passband response in the selected mode at
the selected frequency. Figure 15 is the printout of the output of the
MATLAB function "p805f" showing the actual filter charaecteristics
and coefficients in the selected mode at the selected frequency.
Since the characteristics and coefficients are easily read off the
printout, they will not be repeated here or in later examples.

Example 3

Figure 16 illustrates the filter response when the receiver is in
the passive mode at the radio narrowband frequency of 15,950 Hz.
Figure 17 illustrates the passband response in the selected mode at
the selected frequency. Figures 18a and 18b are printouts of the
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output of the MATLAB function showing the filter characteristics and
coefficients in the selected mode at the selected frequency.
Example 4

Figure 19 illustrates the filter response when the receiver is in
the passive mode at the radio narrowband frequency of 17,800 Hz.
Figure 20 illustrates the passband response in the selected mode at
the selected frequency. Figure 21 is a printout of the output of the
MATLAB function showing filter characteristics and coefficients in
the seleeted mode at the selected frequency.

Example 5
Figure 22 illustrates the filter response when the receiver is in

the passive mode at the radio narrowband frequency of 18,600 Hz.
Figure 23 illustrates the passband response in the selected mode at
the selected frequency. Figure 24 is a printout of the output of the
MATLAB function showing the actual filter characteristics and coef-
ficients in the selected mode at the selected frequency.

Example 6

Figure 25 illustrates the filter response when the receiver is in
the passive mode at the radio narrowband frequency of 21,400 Hz.
Figure 26 illustrates the passband response in the selected mode at
the selected frequeney. Figures 27a and 27b are printouts of the out-
put of the MATLAB function showing filter characteristies and coef-
ficients in the selected mode at the selected frequency.
Example 7

Figure 28 illustrates the filter response when the receiver is in
the passive mode at the radio narrowband frequency of 23,400 Hz.
Figure 29 illustrates the passband response in the selected mode at
the selected frequency. Figures 30a and 30b are printouts of the out-
put of the MATLAB function showing filter characteristics and coef-
ficients in the selected mode at the selected frequency.
Example 8

Figure 31 illustrates the filter response when the receiver is in
the passive mode at the radio narrowband frequency of 24,000 Hz.
Figure 32 illustrates the passband response in the selected mode at
the selected frequency. Figure 33a and 33b are printouts of the
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output of the MATLAB funection showing filter characteristics and
coefficients in the selected mode at the selected frequency.
Example 9

Figure 34 illustrates the filter response when the receiver is in
the passive mode at the radio wideband frequency of 12,500 Hz. It
should be noted that 12,500 Hz. is the geometric center of the fre-
quency band. Figure 35 illustrates the passband response in the
selected mode at the selected frequency. Figure 36 is a printout of
the output of the MATLAB function showing filter characteristies and
coefficients in the selected mode at the selected £ requency.
Example 10

Figure 37 illustrates the filter response when the receiver is in
the passive mode at the radio wideband frequency of 17,500 Hz. Fig-
ure 38 illustrates the passband response in the selected mode at the
selected frequency. Figure 39 is a printout of the output of the
MATLAB function showing filter characteristies and coefficients in
the selected mode at the selected frequency.
Example 11

Figure 40 illustrates the filter response when the receiver is in
the passive mode at the radio wideband frequency of 22,500 Hz. Fig-
ure 41 illustrates the passband response in the selected mode at the
selected frequency. Figure 42 is a printout of the output of the
MATLAB function showing filter characteristies and coefficients in
the selected mode at the selected frequency.
Example 12

Figure 43 illustrates the filter response when the receiver is in
the passive mode at the radio wideband frequency of 27,500 Hz. Fig-
ure 44 illustrates the passband.response in the selected mode at the
selected frequency. Figure 45 is a printout of the output of the
MATLAB function showing filter characteristics and coefficients in
the selected mode at the selected frequency.
Example 13

Figure 46 illustrates the filter response when the receiver is in
the passive mode at the radio wideband frequency of 32,500 Hz. Fig-
ure 47 illustrates the passband response in the selected mode at the




WO 91/20003 -17- PCT/US91/04358

selected frequeney. Figure 48 is a printout of the output of the
MATLAB funetion showing filter characteristics and coefficients in
the selected mode at the selected frequency.
Example 14

Figure 49 illustrates the filter response when the receiver is in
the passive mode at the radio wideband frequeney of 37,500 Hz. Fig-
ure 50 illustrates the passband response in the selected mode at the
selected frequeney. Figure 51 is a printout of the output of the
MATLAB function showing filter characteristics and coefficients in
the selected mode at the selected frequency.

Three examples are now provided of the receiver's operation in
the active mode. However, in the next three examples, only a
passband response and MATLAB printout is provided.

Example 15
Figure 52 illustrates the passband response when the receiver

is in the active mode tuned to a frequency of 1,170 Hz. Figure 53 isa

“printout of the output of the MATLAB function showing filter charac-
teristies and coefficients in the selected mode at the selected
frequency.

Example 16
Figure 54 illustrates the passband response when the receiver

is in the active mode tuned to a frequency of 8,010 Hz. Figure 55 isa
printout of the output of the MATLAB funection showing filter charac-
teristics and coefficients in the selected mode at the selected
frequency.

Example 17
Figure 56 illustrates the passband response when the receiver

is in the active mode tuned to a frequency of 29,430 Hz. Figure 57 is
a printout of the output of the MATLAB function showing filter char-
acteristies and coefficients in the selected mode at the selected
frequency.

It should be noted that in certain of the example plots the peak
of the response appears truncated. This is apparent in Figure 14,
among others. However, this is solely due to sampling inadequacies in
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plotting the graphs. The actual response would have a clearly defined
peak, as shown by, for example, Figures 26 and 52.

While the invention has been described in detail, including
many examples, it should be construed as being limited only by the
appended claims. Various changes and modifications are possible
which fall within the.scope and spirit of the invention, and the inven-
tion should be construed to include those various changes and
modifications.
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CLAIMS
1. A system for locating a concealed object comprising:
transmitting means for transmitting an electromagnetic
signal from said concealed object; and
receiving and processing means for receiving and pro-
cessing said electromagnetic signal, said receiving and processing
means including
antenna means for receiving said electromagnetic
signal as an analog signal;
amplifying means for amplifying said received
analog signal;
analog-to-digital converter meahs for converting
said amplified analog signal to a digital signal, said analog-to-digital
converter means sampling said amplified analog signal at a predeter-
mined frequency;
digital filter means for filtering said digital sig-
nél, said digital filter means including a two-stage digital filter, the
filter characteristics of said first stage of said two-stage digital filter
being defined by parameters AOll and AO12, and the filter charac-
teristics of said second stage of said two-stage digital filter being
defined by parameters AO21 and A022, wherein
AOx1 = 2%(1-1/q)*cos(2*pi*fetr/fsmpl)*16384
and
AOx2 = -(1-1/q)%*32768,
wherein q = quality factor,
fetr = center frequency,
fsmpl = sampling frequency, and
x =1or 2; and
processing means for processing said filtered digi-
tal signal to provide an output signal indicative of the location of said
concealed object.

2. A system for locating a concealed object according to
claim 1 wherein said antenna means comprises a plurality of anten-
nae, and said amplifying means amplifies the signal received by each
antenna individually.
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3. A system for locating a concealed object according to
claim 2 further comprising selecting means for selecting the ampli-
fied signal from any one of said plurality of antennae or a combination
thereof.

4, A system for locating a concealed object according to
claim 1 wherein said loeating system further comprises audio means
for accepting said output signal and giving an audible indication of the
information contained therein.

5. A system for locating a concealed object according to
claim 4 wherein said each of the stages of said two-stage digital filter
is a second-order digital filter.

6. A system for locating a concealed object according to
claim 1 wherein said analog-to-digital converter samples said ampli-
fied analog signal at a frequency of 78,125 samples per second.

7. A system for locating a concealed object according to
claim 1 wherein said locating system further comprises display means
for accepting said output signal and displaying information contained
therein.

8. A system for locating a concealed object according to
claim 4 wherein said information comprises the strength of said
received electromagnetie signal.

9. A system for locating a concealed object according to
claim 1 wherein said locating system includes input means for con-
trolling said processing means and said digital filter means.

10. A system for locating a concealed object according to
claim 9 wherein said input means inecludes a keyboard.

11. A system for locating a concealed object according to
claim 1 wherein said transmitting means transmits said electromag-
netic signal at a frequency of 1,170 Hz, 8,010 Hz or 29,430 Hz.

12. A method of selecting a two-stage digital filter for use
in a locating system including means for receiving a signal radiated
from a concealed object as an analog signal, means for amplifying the
received analog signal, means for converting the amplified analog
signal to a digital signal, and a two-stage digital filter for filtering
said digital signal, the means for converting said amplified analog
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signal to a digital signal sampling the amplified analog signal at a pre-
determined frequently, wherein the characteristies of said two-stage
digital filter are defined by coefficients AO11, AO12, AO21 and A022,
the method comprising:

calculating said coefficients AO11l, AO12, AO21 and
A022 according to the following formulae:

AOx1 = 2%(1-1/q)*cos(2*pi*fctr/fsmpl)*16384
and ’

AOx?2 = -(1-1/q)%*32768
wherein q = quality factor

fetr = center frequency

fsmpl = sampling frequency, and

X =1or 2; and

performing a stabilization analysis of the digital filter
defined by said coefficients.

13. A method of selecting a two-stage digital filter accord-
ing to elaim 12 wherein said step of performing a stabilization analy-
sis of the digital filter defined by said coefficients comprisés plotting
the impulse response of said digital filter.

14. A method of selecting a two-stage digital filter accord-
ing to claim 13 wherein said step of performing a stabilization analy-
sis of said digital filter further comprises examining the plot of the
impulse response of said digital filter to determine the length of time
required for said digital filter to stabilize.

15. A method of selecting a two-stage digital filter accord-
ing to claim 14 wherein said step of performing a stabilization analy-
sis of said digital filter further comprises determining whether the
length of time required for said digital filter to stabilize is sufficiently
short to meet designed requirements.

16. A receiver for receiving an electromagnetic signal radi-
ated by a concealed object to indicate the location of said concealed
object ecomprising:

a. antenna means for receiving said electromagnetic
signal as an analog signal;
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b. amplifying means for amplifying said analog
signal;

c. analog-to-digital converter means for converting
said amplified analog signal to a digital signal, said analog-to-digital
converter means sampling said amplified analog signal at a predeter-
mined frequency;

d. digital filter means for filtering said digital sig-
nal, said digital filter means including a two-stage digital filter, the
filter characteristics of the first stage of said two-stage digital filter
being defined by parameters AO11 and AO12, and the filter charac-
teristics of the second stage of said two-stage digital filter being
defined by parameters AO21 and A022 wherein

AOx1 = 2%(1-1/q)*cos(2*pi*fetr/fsmpl)*16384
and

AOx2 = ~(1-1/q)2*32768,
wherein q = quality factor,

' fetr = center frequency,

fsmpl = sampling frequency, and

X =1or 2; and

e. processing means for processing said filtered digi-
tal signal to indieate the location of said concealed object.

17. A receiver according to claim 16 wherein said antenna
means comprises a plurality of antennae, and said amplifying means
amplifies the signal received by each antenna individually.

18. A receiver according to claim 17 further comprising
selecting means for selecting the amplified signal from any one of
said plurality of antennae or a combination thereof.

19. A receiver according to claim 16 wherein said each of
the stages of said two-stage digital filter is a second-order digital
filter.

20. A receiver according to claim 16 wherein said analog-
to-digital econverting means samples said amplified analog signal at a
frequeney of 78,125 samples per second.
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21. A receiver according to claim 16 wherein said process-
ing means provides an output signal indicative of the location of the
concealed objeet.

22. A receiver according to claim 21 wherein said receiver
further comprises display means for aceepting said output signal and
displaying the information contained therein.

23. A receiver according to claim 22 wherein said informa-
tion comprises the strength of the received electromagnetic signal.

24. A receiver according to claim 21 wherein said receiver
further comprises audio means for accepting said output signal and
providing an audible indication of the information contained therein.

25. A receiver according to claim 24 wherein said informa-
tion comprises the strength of the received electromagnetic signal.

26. A receiver according to claim 16 wherein said receiver
ineludes input means for controlling said processing means and said
digital filter means.

27. A receiver according to claim 26 wherein said input
means inecludes a keyboard.
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7.
'2¢.200000Q =z Center Fregyency ‘Nomimal) J//\
7/

'S2,7725334 Hz Center Freguency (Computed)
Saaxk Amplituce: 152.3878%1 Hz

211 ZI731.300000, AQ12 -32539.200000
Q2! IT32.200000, AQ@IZ -32701.200000

19

Swe 15.398Q28 Mz, J= 3.238548, Sampling Ratee 78125,200000 H:z

1.200000 + 2.2000Q0 z(-1) +» =-2,200000 z(-2) + Q.000000 :=(-3) + 1,00000Q =(-4)
1,200000 + -3.335344 z(=-1) + S,3883943 z(-2) + -3,387I83 z2(-3) + Q.938854 2(-4¢)
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b

lecticn 21.,200000 i88.255979 4z lanter Frsauency
Seax *mplituce: 1S0.734883 H:
AQx! ZI7TI2.300000, AQxZ -22793.2020000

SW= 25.383182 Hz, Q= 5.095332, Sampling Rate= 73125.200000

1.200020 + 2.200000 :z(-1) + -1.200000 z(-2’
|.200000 +» -1.337803 =2(=1) + 2.3380816 z(~1)
2.350493 s + 3.226878 7=
1.200200 s°2 + 1.868380 s + @.741428 J "Eex MenaL

Section 22.000000 188.2%4222 Hz Center Freguency

Peak Amplitude: 150.734883 Hz

ABx1 32731.00Q000, Adx2 -3270!.000000

Bw= 37,.386080 Hz, Q= 5.036482, Sampling Rate= 78125.000000

1.000000 + 0.000000 z(-1) + -1.000000 z(-2)
1.000000 + -1,8397742 z(~-1) + Q.8873985 z(-2)

m
1.200000 s°2 + 1.888252 s + Q.745283 737“1 MooeL

180.000000 Hz Canter Frequency (Nominal)
189.5683170 Hz Canter Freguency (Computed)
Peak Amplitude: 190.734863 Hz

AG11 32732.000000, AQ12 -32703.0200000
AG2! 32731,00000Q, A022 -327Q1.000000

BW= 25.505452 Hz, Q= 7.128733, Sampling Rate= 78125.000000 Hz

PCT/US91/04358

1,000000 + 3.000000 z2(-1) + -2,0000Q0 z2(-2) + 0.000000 z(~-3) + 1.000000 z(-4)
1.200000 + -3,935544 =(-1) + S.987066 =(-2) + =3.987487 z(~3) + Q.395876 z2(-4)

-5.708473 s°2 + Q.,035386 s + -50.521108

1.000000 s"4 + 0.063422 3°3 + -12.560343 s"2 + -0.004528 s + -0.003008
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%\

S4 4z lantsr Sregyency

Ssetizn 31.200000 18332,

31
Pear Amglituce: 15345.434570 Hz

AQx1 3349.20000@, Adx2 -32702.300000

Swe 59.541813 Hz, J= I82.733443, Sampling Rates 73125.200000

1.,4000Q2 - 2.2000Q0Q0 z2(-t) + =-1,200000 :
'.200000 + ~-9.372618 z(~-1) + J,337386 (-~

2)
2)

1.344889 s = 2.200782
.0000020 372 + 2.3Q1353 s + 1.342778

Section $2.0Q00000  1S375.252347 Hz Center Freguency

Feak Amplitude: 1S383,3581543 Wz

AOx! S9248.20000@, AQx2Z -52702.00Q00Q0

BW= 59.850300 Hz, Q= 314,182402, Sampling Rate= 78125.0300000

1.300000 + 2.200Q0@ z(~-1) + =1.00Q080Q z2(-2)
1.300000 + -2.554453 z(~-1) + 0.397386 2(-2)

1.248738 s +» 3.200758
1000000 s°2 + 93.201054 s + 1.55124!

19350.0000200 Hz Center Freguency (Nominal)
16348.237158 Hz Canter Freguency (Computsd)
Peaak Amplitude: 15845.434570 Hz

AQ11 9348,000000, AQ12 -32702.0020229
AQ21 9248.2000Q9, Ad2Z -32702.200000

SWe 40.988697 Hz, Q= 389.1130S6, Sampling Rate= 78125.00000Q Hz

1.300000 + 2.000000 z(~1) + -2,000Q0Q z(-2) + Q.000008 z(-3) + 1,000008 z(-4)
1.2000Q0@ + -1.135@71 2(~1) + 2.318059 2(~2) + =1,132785 2(=-3) + 9,395376 z2(-4)

9.143553 572 + 0.004487 3 + -4.3583719
1.000000 s°4 + 9.002806 33 + 3.297077 s°2 + 3.004617 s + 2.717647

F"jl&f‘é /& q
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'5352.200000 4z Senter T~sauency (Nominal) \%/

/(,(

"S349,345032 Az Center Frequency Computad)

)

ax Amplitude: 18345.434573 Hz

702.200000

4311 3349.200000, AQ12 -327
e 32722.300009

~g2! 48.20000Q, AQ22 -
e 42,414304 mHz, Iw 375,251177, Sampiing Rate= 75125.200000 Hz

1.000Q0Q + 2.30000Q@ z(-1) + =2,200000Q =(-2) + J.20000Q :(-3) + 1.200000 :z(-4)
1.390000 + ~1.13597! z(=1) + 2.318@53 z(=2) + =1.13278S z(=3) + 3.3SE375 :(-4,
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%

Sectian 31.500000 TTITT.IT3334 R: lentver Srague
Seak Amplituage: 17775.483258 Hz
AQ9x1 4535.300000, A0x2 -32702.J0Q0000Q

Swe IT,I2727%3 Hz, J= S34,28821S, Sampiing Rates= 73175.220002

= - -

1.000000 ~ 2.200000 z(-1) + -1,3Q000Q z2(-2)
', 290000 - -3.l30487 zu-t) + J.387388 a(-2)

1,984737 s -~ 2.,200835
1,300000 s°2 +» 2.201123 s + 1.345131

Section 3$2.000000 17815.772340 Hz Center Fraguency

Peak Amplitude: 17814,838230 Hz

Alx! 4491.200000, AQx2 -32702.200000

SWs 34.253147 Hz, Q= S20.229857, Sampling Rate= 78125.000000

1.200000 + 2.000000 z(-1) + -1,200000 z(-2)
1.200000 + -2.274109 z2(=1) + 2.3997986 z(-2)

1.095383 s + 9.000654
1.200000 s"2 + 2.001104 s + 2.954271

17800.200008 Hz Center Fresguency (Nominal)
17798.592478 Hz Center Freguency (Computad)
Peak Amplitude: 17814.638230 Hz

AQ11 4585,000000, AQ12 -32702.000000
ABZ! 4491,000000, AA22 -32702.000000Q

gW= 53.5476354 H;. Q= 298.898@97, Sampling Rate= 78125.000000 Hz

1,200000 + 2.0002@d z2(-1) + -2.000000 z(-2) + 2.20000Q z2(-3) + 1.2000Q0 z(-4)
1.20000Q@ + -Q9.554885 2(-1) ¢ 2.972847 z2(-2) + -3.553448 2(-3) + 9,398376 z21-4:

9.172758 9°2 + 9.003833 s + -4.7044S3
1,000000 s°4 + 0.202484 3°3 + 4,101731 s°2 + 0.0QS381 s + 4.206017

?r‘juft .2/
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WO 91/20003 PCT/US91/04358

Sectiicn 31.,232@9Q  '35.3.0Q2I387 =1 lantar Traciency )
Sear ~mpiiiuce: 3%
“9x! 1392.200000Q, A0x2 -32722.2200092

Siym I2,375832 Hz, U= S335,35148S, Sampling Rates= T3125.200000

1,o32220 - 2.200000 =z(-1) + =1,20000Q z(-2
02009 - -9,13271Q z(-1) + J.337355 (-2

Section $2.200000 18616.554884 Hz Center Fregquency

Peax Amplituge: 18615.722858 Hz

AQx ! 2337.200000, AQOx2 -32732.200000

3Ws 33.571305 Hz, Q= 554.527815, Sampling Rate= 78125.200000

1.2000200 + 2.20000Q z(=-1) + -1,900000 z(-2)
1.00000Q + -Q.1463Q1 =(=~1) + Q.3879868 2(-2)

1.1224Q20 s + 0.0200820
1.000000 s"2 + 0.201128 s + 2,242725

18600.000000 Hz Center Freguency (Nominal)
18588.8241S3 Hz Center Frsguency (Computed)
Peax Amplitucde: 18815.722856 Hz

AR11 25092.200000, AB1Z -32702.000000
AQZ! 2337.20000@, AQ22 -32702.020000

Bu= 61.167421 Mz, Q= 304.06422!1, Sampling Rate= 78125,000009 Hz

1.200008 + 3.00000@ z(-1) + -2.000Q00 =(-2) + Q.000Q00 2(-3) + 1,2000Q08 z(-4)
1.200000 + -9.239011 z(=1) + 2,018313 z(-2) + -9,298409 z(-3) + 9.395376 z2(-4)

2.188134 82 + Q.003742 s + -4,.875598
1.200000 s~4 + Q9.002382 s"3 + 4,478019 "2 + Q.0908331 s + 5.013129

ﬁjMC [ 4%
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WO 91/20003 PCT/US91/04358

4

Sectisn 31.22900Q I'273.088237 -z lentar F=aguancy

Seax Amplltucza: 21282.304888 H:

49x1 -4349,000000, AGx2 -32722.222000

ys 33,337208 Hz, I= 337.253809, Zampiing Rate= "912%.320000

-
-]

1.2Q2000
. 300020

L 2

2.330000Q =' -1 + =1,220000 z(-2)
3.238388 z(~1) = J,387388 :(-2)

1,2227'S ¢ - 2.200833
1.200000 s°2 - 2.2Q1223 s -~ 1.358548

Section 22.200000 21419.323824 Hz Center Freguency

Peax Amplituce: 21438.538833 Hz

AQx| ~4953.2300000, A@x2 -32702.200000 '

Bw= 73.735721 Hz, Q= 290.486032, Samoling Rate= 78125.200000

1.200000 +~ 3,20000Q z(-1) + -1.200000 z(-2)
1.200000 + 2.302307 z(~-1) + 0.337986 =(-2)

1.222353 s + 2.000832
1.200000 s°2 + 2.0201231 s + 2.3687701

21400,200000 Hz Center Freguency (Nominal)
21399.984461 Hz Center Fraguency (Computed)
Peak Amplitude: 21408.451883 Hz

AQ1! -4849,000000, Ad12 -32702.000009
AQ2! -4953,200009, AQ22 -32702.000000

SWe 38.811S74 ﬁz, @= S551.381539, Sampling Ratee 78125.000000 Hz

1.30000Q0 + 3.00000d@ z2(~1) + =2.000000 z2(-2) + @.000000 z2(-3) + 1.00000Q z2(-4)
1,200000 + 9.588267 z(-1) + 2,085442 z(-2) + 9.537082 z(-3) + Q,895378 z(-4)

2.258986 s°2 + Q.003235 3 + -5.513457
1.200000 s*4 + 3.002169 s~3 + 5.9268456 3°2 + 3.006424 s + 8.781831

X;zj uré 179




WO 91/20003 PCT/US91/04358

Bl

21430.200000 4z -antapr Z~aguency Vominai,
21349.390357 H: Canter Freguancy compouted)
Saax Amgl:itude: 214Q0.340Q122 H2

2911 -4849,2000008, 2212 -3I732.320000
=921 -4353,200000, Q022 -32732.300000

= 33,373389 ~z, o= 548,2244937, Zamoling Rates TS125,200000 -z

'.302000 ~ 2.200000 z(-t) - ~-21,200000 z(-2) - 2.2000QQ =z(-3) + ',200000 ' -4,
$.3000QQ - 2,338287 (-1 « 2,285442 (-2) - 2.3370B2 2(-3) - J,38837T3 -1

Frgue 78
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¥

1.329300 I2223.2207338 <z la2nter S-aguency
Peak Amplituce: 23384.094223 -~z
3«1 =-3872.300000, AOx2 -32722.220000

Swe I3,418337 Hz, J= 588.773384, Zampling Rate= 73125,220000

220002 - 2.0000@0Q z/-1) - -1.00000Q =z(-2°
c20000Q - 3.398843 z(-1) - J.38T73EE 2(-2)
"LINIZ39 s - 2.200494
'.300209 17 - 2.20132! s - 3.338838

Section $2.000000 23421.333%Q006 Hz Center Frequency

Peak Amplitude: 23422.241211 H:z

AQx1 -10Q72.20000Q, Adx2 -32702.300000

BWs 32,.7674S1 Hz, Q= 714.789784, Sampling Rate= 78125.000000

1.200000 + 0.000000 z(-!) + -1,200000 z2(-2)
1.200000 + 3.6514746 z(~!) + Q.337986 =(-2)

1.313310 s + 2.000433
1.200000 s°2 + 0.001323 s + 3.547638

23400.200000 Hz Center Freguency (Nominal)
23401.29268368 Hz Canter Freguency (Computed)
Peak Amplituce: 23384.394238 Hz

AQ11 -3972.000000, AQ12 -32702.0200000
AQZ1 -10072.200000@, AR22 -32702.00000Q

SW= 51.383294 Hz, Q= 381,229013, Sampling Rates 78125.000000 Hz

1.000000 + 2.00Q0Q9 z2(-1) + -2.20000@ z(-2).+ 3.00Q20Q z(-3) + 1.000000 z(-4:
1.200008 + 1.223389 z(=1) + 2.370132 z(-2) + 1.220925 z(-3) + Q,.338378 z(-4)

0.326083 52 + 0.002928 1 + -§.281012
1.000000 s°4 + 0.002123 "3 + 7.984733 32 + 9.207520 s + 12.548523




WO 91/20003 PCT/US91/04358

22400.200000 ~: Zenter Feeguency iNeminali) /?;\
22°231.,J0925886 mMz Centar Freguency :lamputeg)
“eax Amplitudae: 227284,094233 H:z

=911 -3372.200000, AQ12Z -32702.200000
=92l -79@72.20000Q, AQZT -32792.200000

SWwe 571,333234 =z, 3= 381.22%0!13, Sampling Rate= 79125.200000 Hz

1.300000 - 2.200000 z(-1) - -2.J0000@ z(-2) - 2.300000 z(-3) + 1.30000Q0 = -4)
1.000000 -+ 1,223389 (=1 . 2,3TQ13T 2(=2) + 1.22092S z2(-3) + 3.385375 z:-¢.

F;'7ure 30 &




PCT/US91/04358

WO 91/20003

NV (zH) Aouanbauy

e N N M M M 1052 -
00C -
{051 -

1001 -

' S [ . SN S S SN P

3u0d39y Jayy Z4|I0u0kzZ

gp

8agH0/16 SN/Ldd



PCT/US91/04358

WO 91/20003

(ns"

Aouanbaay 12 wag ZHOUDEE

sl 001 05

0

0%—

001 —

(U] B

00¢—

T g e e e —

L T

“ i
/./ \

A\
i/

e i e e b ]

asundzay pUnassng 711000k

_————

DV —

x\ - ﬂm,l.

o=l




PCT/US91/04358

WO 91/20003
6/
/ ((,
Sectizn 31.3Q00098  IT3E3.TITTIS -~z lenter T-sguency

(8]

aax Ampliiuge: c3394,44589!1 ~:

x| =11464,9000Q0, A0x2 -32792.220000

Sw= 35,34187 Hz, 2= 423.725351, Sampiing Rates T3iI5.200000
©.22000@ - 2.22000Q@ z(-') - -1,200000 (-2

".240510 ¢+ 2.200485

©.220000 -2 ~ 2.001382 s + 3.7181€S8

Section 32.200008Q0  24025.473163 Hz Canter Freguency

Pear Amplitude: 240932.532773 Hz

Qx| -11583.2000QQ, Adx2 -32702.300006

3W= 45.991383 Hz, Q= 522.412493, Sampling Rate= 78125.000000

1.2000@@ + 2.20000Q z2(-t) + -1.000000 z2(-2)
1.200000 + @.7057SQ z(~-1) + 2.9387988 =2(-2)

1.344704 s + Q.20048S
1.000000 s°2 + 0.001354 s + 3.731724

24000.000000 Hz Canter Fresquency (Nominal)
23999.338440 Hz Center Fraguency (Computed)
Peax Amplitude: 23994,4458081 Mz

A1l ~11464,000000, AO12 -32702.000000
AQ2! ~-11SE3.200000, A022 -327@2.000000

BWe 42,473142 hx. Q= S54.968995, Sampling Rate= 78125,000000 Hz

1.200000 + 2.00000Q z2(-1) + ~2.0000QQ z(-2) + 2.000000 z(=-3) + 1.20000Q z(-4>
1.200000@ + 1.485457 z2(-1) + 2.483973@ z2(-2) + 1,402628 =z(~-3) + 9.335376 z(-4)

2.384743 32 + 3.002842 s + -5.519319
1.200000 s"4 + 3.002123 s°3 + 7.452974 ¢°2 + 3.207332 s + 13,8866353

;T?7Lkre ‘3«3 aQ




WO 91/20003 PCT/US91/04358

i /0
24300.220009 ~: Cantar Sr~sguency Nominai:
2.900.308158 M2 Center Freguancy -Computea)

Saax Amplituce: 23934,445301 Hz

3311 -11454,200000, AQ12 -30732.200000
4921 -11533.200Q000Q, AQ27 -32732.220000

3= 349.233373, Sampling ate= 78125,200000 Hz

we 13,338574 H2

($V]

©.200000 + 2.000000Q z(-!) - -2.00000@ :(-2) + 2,200000 z(-3) - 1,200000 =(-4:
1.J20000 + !, 498487 =z(-1) + 2,489790Q z¢-2) + 1,4Q2528 :z(-3) « 2,3G3375 z: -4,

ﬁjwe 336
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WO 91/20003 PCT/US91/04358

%,

Section 31.300000 11887.395104 =z Canter =-~=quency
Peax Amplituce: 11711,120808 Hz

Adx1 17428.200000, AdxZ -25542.200000

SW= 2591.211164 Hz, Q= 4,496303, Sampling Rates 78125,200000

1.200Q00 - 2.20000@ z(-1!) + -1,000000 z(-2)
'.000000 + -1.363721 z2(-1) -+ 3.8098%8 2(-2)

9.365276 s + 2.14731S
1.000000 s"2 + 9.106417 s + 1.084184

Section $2.000000 13340.873928 Hz Center Fraguency

Peak Amplitude: 13351.,440430 Hz

AGx| 14106.200000, Adx2 -26542.000000 .

BWs 2501.467710 Hz, Q= S.128213, Sampling Rate= 78125.000000

1.0000Q0 + 0.000000 z(~-1) + -1.000000Q =(-2)
1.200000 + -9.860962 z(-1) + 0.808338 z(-2)

1.005052 s + 2.117394
1.000000 s°2 + 0.104313 s + 1.313349

12500.000000 Hz Center Frequency (Nominal)
12549,506573 Hz Center Fragquency (Computed)
Peak Amplitude: 12828.6547349 Hz

AQI1 17428.000000, AQ12 -26542.0200000
AQZ! 14106.000000, AQ22 -25542.000000

BWe= 2485.014320 Hz, Q= 5.048043, Sempling Rate= 78125.000000 Hz

1.000000 + 0.000009 z(-1) + -2,000000 z(-2) + 0.000000 z(-3) + 1,000000 z(-4)
1.200000 + -1,924683 z2(~1) + 2.535818 2(-2) + ~-1.558988 2(-3) + Q9,.555096 z2(-4)

0.125390 s°2 + Q.450621 s + ~3.488642
1.000000 s°4 + Q.2739117 9°3 + 2.747104 s°2 + Q.296641 s + 1.734618

Fll-j“.f\e 34
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£

{

Seceicn 31,200000 "8847.!84612 4z lentar Sreguarncy

Feax Amplituce: 16873.2272351 H:

Adx! 5735.000009, AQx2 -25542.200000

SW= 2591,273827 Hz, Q= §,338620Q, Sampling Rate= 78121S.200000

1.320000 ~ 2.200Q0Q z(-1) +» -1.200000 =(-2)
1.32000Q + -9.411!133 z(=1) + 2.309998 z2(-2)

1.386Q73 s + 3.2827%S4a
1.200009 +°2 + 3.137687 s + 1.334609

Section 82.000000 18239.8477S5 Hz Center Fraguency

Peax Amplitude: 18348.533848 Hz

AQx| 2838.200000, Adx2 -26542.200000

SWs 2501.131844 Hz, Q= 7.2335341, Sampling Rate= 78125.200000

1.200000 + 3.200000 z2(-1) +» -1,000000 z(-2)
1.200000 + -3.173218 z(-1) + 2.809938 2(-2)

1.159225 s + Q.Q7288S
1.200000 s°2 + 2.111S70 s + 2.241427

17520.000000 Hz Centar Freguency (Nominal)
17483.7039341 Hz Center Frequency (Computed)
Peak Amplitude: 17S47.5Q97422 M2

AB1! 57365.000000, AB12 -26542.000000
AQZ1 2838.200000, A92Z -26542.000000

3We 2592.717027 Hz, Q= 6.985891, Sampling Rate= 78125.0Q0000 Hz

1.20000Q + 3.200000 z(-1) + -2,200000 z(-2) +» 0.20Q0009 z(-3) + 1,000000 z(-¢)
1.00000@ + -3.584351 z2(=1) + 1.831211 z2(=2) + -@,473323 2(-3) + Q.555936 z2(=-4)

9.13291Q 82
s*4

9.368422 3 + -4.833493
1.300009 <

*
+ @.225477 3°3 + 4.333313 52 + 9.455207 s + 4.5868898

V}‘ﬁure 3 q




PCT/US91/04358

WO 91/20003

(z14) £ouanban

5°Q

gl

G2 z 51
~. 7
../ \\
-t \\

,.//, \

ST

F3nadzay) 1oy 7000

N
R LR V2

091 —

ovli -

ocl -

Oobv—




PCT/US91/04358

WO 91/20003

(91D IS [ TE

e e B

OO

1

a7z

(zH) Aouanbaay

DO0| 0

Jo01 -

001

Y —

000L—

000V -

Qo0G—

S

1

T T

T T

nu.w:.,.;.)..\uv‘_ —«:—.:‘—.,w).:..m Z} 1QQ"

—

. \~ :
— bt L

........

T

———1

b LR

Y SR

H

Gl—

A0C—

gr




WO 91/20003 PCT/US91/04358

4,

8817 =z lanter Feaguency

1

lection 31.200000 2183

~}

Seax Amplitude: 21523,333496 mz
dx1 -3324.200000Q, 30x2 -25542.200000

Swe= 1591.380255 Hz, J= 3.321617, Sampiing Rate= "3123,320000

'.220222 + 2.20000Q z(-1) - =7,200000 =(-2)

1. 000000 + 2.226841 z(-1) + 2,899988 =(-2)
'.23388@ s + 2.262162
1.000002 1" - J.122360 s + 3.3407%6

Section $2.20000Q@ 23259,538814 Hz Center Freguency

Seak Amplitude: 23307.800233 Hz

AQx1 -8870.200000, Adx2 -25542.300000.

BWs 2601.088041 Hz, Q= 8,338783, Sampling Rate= 78125.000000

1.200000 + 2.00000Q z(~-i) + -1.200000 =(-2)
1.300000 + 9.541382 z(~-1) + 0.809998 z(-2)

1.367237 s + 0.0S8363
1,200000 3°2 + 2.130397 s + 3.434762

22530.000000 Hz Center Fregueancy (Nominal)
22417.018542 Hz Center Freguency (Computed)
Peak Amplitude: 22430.419922 Hz

ABT1 -5024.000000, AQ12 -26542.000009
2021 -8870.000000, AQ22 -25542.000000

BWe 2504.839387 Hz, Ge 8,949483, Sampling Rate= 78125.000000 Hz

1.200000 + 9.000000 z(-1) + -2.000000 z(-2) + Q.00200Q z(-3) + 1.00QQ00 z(-4)
1.000000 + 2.848022 z(-1) + 1,786Q0S5 z(-2) + 9.586896 2(-3) + 3.555096 z(-4)

@.249858 3"2 + 9.313559 s + -5.289959
1.200000 "4 + Q.198465 s*3 + 6.738733 s*2 + 9.653881 s + 11,176858

F‘T\U‘Q Y2
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-t oA

Sect:ian 21.020000  IS53549.230157 4z Center Sraguency

Sa_.x Amplituce: 2S325.3868314 H: |

Adx1 -15397.200000Q, Adx2 -25542.30000Q

W= 25Q1,.253716 Hz, 2= 10,232883, Sampl:ng Rate= 7312%5.220000

.200000Q =(-1) + ~1,200000 z2(=-2)
378373 z(=t) + 2.80Q98%8 z2(-2)

Section 32.20000Q0 28183.6436875 Hz Center Fregquency

Peak Amplitude: 289286.306738 Hz

Adx! -1391702,200000@, AQx2 -25542.200000

Bw= 25@1.108547 Hz, Q= 108.83524S, Sampling Rates= 78125,200000

1.200000 + Q.200000 z(-1) + -1.00000@ z2(-2)
1.,300000 + 1.170044 =(=-1) + 2,80@9998 z(~2)

722708 s + Q,05093%
l 000000 $°2 + Q,163374 s + S, 85’504

27500.000000 Hz Center Frequancy (Nominal)
27335.795502 Hz Center Fraguency (Computed)
Peax Amplitude: 27351.379395 Hz

A1l -15397.000800, Ad12 -25542.000000
AQZ1 -19170.000000, AQ22 -26542.000000

BW= 2431.381879 Hz, Q= 10.372142, Sampling Rate= 78125.00000Q Mz

1.000008 + 0.280Q@Q@ z2(-1) + ~-2.00000Q z2(~-2) + 3.00000Q z(-3) + 1,200000 z(-4)
1.000000 + 2.146423 2(=1) + 2,762402 z2(-2) + 1,738598 z2(-3) + Q.555096 z(-4)

9.558795 9°2 + Q9.250817 s + -8,539160
1.00000@ s"4 + Q,211454 s~3 + 3,670667 s°2 + 1,030333 s + 23.132689

;‘fwﬁf is




PCT/US91/04358

WO 91/20003

(z14) Aouanbaay

—

G0

sadsay 1y ZHEOSSE

——— e = L

i

0




PCT/US91/04358

WO 91/20003

(zH) .>.ucmzcoI

Al

Bas Ok iy g QoL 0 c_..vc_., 00NZ— 00Og— 000F— ODOG—

T o — lﬂl.l 3 T T Y T T T OVI

......... - Joe-

azundzay pPUNGSSHY 7100GZE




WO 91/20003 PCT/US91/04358

%

Section 31.32000Q0 2T073.308I74 Az _enter Freguency

Peak Amplituce: 33187.388211 Hz

Adx1 ~25415.000000, AQx2 -35542.2000Q0

W= 2591.146324 Hz, Q= 12.721S13, Sampling Ratas TS125.200000

1.300000 + 2.200000Q =(~1) + ~1,200000 2(-2)
1.000000 + 1.512244 2(=1) + 2.809398 z2(-2)

2.387Q14 s + 2,249768
1,000000 +°2 + 3,225353 s + 5.353854

Section 32.000000 31439.748683 Hz Canter Fraquency

Peak Amplitude: 31547.546387 Hz

ABx| -24425.200000, AQx2 -25542.000000

gW= 2601.488817 Hz, Q= 12.085334, Sampling Rate= 78125.000000

1.00000Q@ + 0.00000Q z2(-1) + -1.000000 2z(-2)
1.200000 + 1.490784 z(~-1) + 0.809988 z2(-2)

2.110018 s + Q.052186
1.000000 s°2 + @.1997S1 s + 5.285842

32500.0200008 Hz Canter Freguency (Nominal)
32182.823198 Hz Center Fraguency (Computed)
Peak Amplitude: 32157.897949 Hz

AQ11 -28415.000000, AQ12 -28542.0020000
AQ21 -24425.200000, AQ22 -26542.000000

BW= 2431.334614 Hz, Q= 13.233425, Sampling Rates 78125.000000 Hz

1.200000 + Q.090099 z2(-1) + -2,00000Q z(-2) + 3,000000 z(-3) + 1,000000 z(-4)
1.200000 + 3.103027 z2(=1) + 4,323502 z2(-2) + 2.513445 2(-3) + Q.5580956 z(-4)

1.510441 s°2 + -3.061452 s + -12.203586
1.000000 s°4 + @.294393 3°3 + 13,105638 s°2 + 1.38174@ s + 42,552824

F:fj ur YP
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Sectian 31.300000 ITO3ST.TTISLE Hz Canter Fraguency
Psax Amplituce: 37574,.7653068 H2
AQx1 -29440,200000, AAx2 -Z6542.200000

SWs 2501.224151 Hz, Q= 14,247377, Sampling Rates 78125, 200000

1.200000 + 2.200Q0Q z=(-1) + -1.20000@ 2(-2)
1.00000Q + 1.73S887% z(-1) + 2.8Q9838 z(-2)
3.327505 s - 9.23Q%883

1.200000 s°2 + 9.372037 s + 3.0962SS

Section $2.000000 36022.80S232 Hz Center Frequency

Peak Amplitude: 365354.354341 Hz

Adx| -28945,200000, Adx2 -25542.60Q000.

Bu= 25Q1.484112 Hz, Q= 13,84702!, Sampling Rates 78125.000000

1.0000Q0 + 2.0000Q29 z(-1) + ~-1,000000 z2(-2)
1.000000 + |,766663 =(~-1) + 0,309988 z(-2)

3.277668 s + 0.042881
1.000000 3°2 + 0.310133 s + 8.410831

37500.3000020 Hz Center Frequency (Nominal)
36558.287651 Hz Center Freguency (Computed)
Peak Amplitude: 36658.240723 Hz

AB11 -29440.000000, AG12 -25542.000220
ABZ! -28945.000009, AB22 -26542.000099

Bu= 2013.475143 Hz, Q= 18,157313, Sampling Ratae 78125.000000 Hz

1.000000 + 2.000Qd0 2(-1) + -2.000000 z(-2) + 3.0000QQ z(-3) + 1.000020 z(-¢)
1,200000 + 3.56835328 z(=1) +» 4,734487 2(-2) + 2,8864S7 z(=3) + 9.558096 z(-4)

§.706586 %2 + -2.412204 s + -15,79168S
1.000000 s*4 + 0.544492 3°3 + 15.328208 s°2 + 5,.600033 s + 70,303024

‘F;‘gure S/
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Section #1.230000 1177.2878%99 Hz Centar Frequency

Feak Amplitude: 1182,3361352 Hz

ADx1 T2589.00000@, ABKZ -TX7020.02800a¢

Iws 43, 228838 Hz, 0= 26.61158@, Sampling Rates T8103.9000000

1.000008 +~ 3.00200@ (-t1) + -1.00000Q =(-21)
1.000008 + -1,98907% =(-1) + @Q.997925 2(-2)

N.67188 = + 0.119670
| 00000d 52 + ©.017741 3 + @.117349

Section #2.0200000 1177.404849 Hz Center Frequency

Pemak Amplitude: 1182.3556152 Hz

ABx1 I2T90.000088, ABxL -TI73Z.000000

BWs 473.798589 Hz, G= o6,986829, Sampling Rate= 7B8123.000000

1.500000 + @.0800000 z(-1) + =-1.000000 =(-3)
1.000000 + -{,989126 z(~1) + B.997986 T (-2)

0.827965 s + 0.1160204
1.200000 s-2 + @B.0169%0 = + @.115377

1170.0000Q@0 Hz Canter Frequency (Nominal)

1180.279%9% Hz Center Fregquency (Camputed)

) 8

zal -mpllhiudes 1182.036150 Nha

s

AQ11 TI%89.000000, AQL2 -3270Q.000000
AQ21 TTS50.000088, ARIZ -TI702.000020

EW= 09.681%24 Hz, Q= 39.7447%1, Sampling Rate= 78115.000008 H:z

1.000200 + @.000000 z=(-1) + -2,000000 :(-2) + 8.000027 I (-3) +
1.002820 + -3.978218 z(-1) + 5,9%524%0 z(-2) + -3.970876 z(-3)

-58,783717 &2 + 2,032291 3 + -BL7,YB6B81Z2

1.402288 = (-4
+ Q.99S9LS & (=4

1.000220 s~4 + T.479152 »°T + -230.101171 372 + 0.019537 s + -1.069

X’.l'gufe S3
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Sgction #1.000020 B8011.867757 Hz Center Freguency

Feak AMPlitudes S8010,8642I8 Hz

ADil 26171.000008, AD:2 ~TZ70Z. 202000

EWE 10, SeE326 Hz, W= 285.777066, Sampling Rate= 7851005, 200000

L. 200000 + 2.202828 :(=-1) + ~1.0300Q08 - (=-7)
{.000008 + -1.3977T1 (-1) + B,997%86 & (-2)

2.911289 3 + 0.0@2435
1.002000 &2 + 0.00Q927 s + @.417720

Section #2, 080002 8012.38118% Hz Center Freguency

Feak Amplituder B801@.864258 Mz

ABx1 4177.200000, ADx2 -IIT70Z.000000

Bwa 5o U93184 Hz, A= 247.327080, Sampling Rate= 78123, v081aa

1,000008 + 3.000000 (-1 + ~1.000V808 =(-2)
1.000800 + -1.597717 =(=1) + B.¥97986 & (-2)

8.911084 s + 0.002438
1.000028 a2 + 3.000924 = + B.4173@4

8010, VOVROY H: Center Freguency (Nominal)
8B810.23102148 Hz Canter Frequency (Computed)
Feak amplituder 80108.864278 M=

AG1l 25171.0000Q0, AB12 -32702.202020
ABTL 26177.000000, AR22 -327032.000000

EW= 4.8261%0 Hz, @» 322.546458, Sampling Ratws 78120.00000Q@ H:

|.000000 + 0.000008 = (-1) + -2,@00000 = (-I) + 0.00820Q :(=F) + 1.JIABOBQ -
1.000000 « -3.195868 z(=1) + 4,SABOB7 z (=) + =3.188637 z(-2) + 0.995976 = (-

B.089183 a2 + @B, B1298% & « =3, T7T727 .
1.0000208 a4 + D.QAB1&6 w3 + B.8673T12 2 + B, OOITBY v + . 187719

F‘jul‘t 38
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Section #1.000000 294354, 369760 Hz LCenter Freguency

Feak (Amplituder 29449.462891 Hz

ABK 1 =-27T99,.000000, NBxI ~IZ70C0. VOVBRY

EWm 65,3582846 Hz, U= 348,3812018, Samplirng Rate= 781123.000009

1.000000 + @.0222008 =(-i) + -1.0000QY :(-2)
1.000Q08 +~ 1.428162 =(=1) + Q.,99798&6 & (=)

1,72330¢ 3 + Q.0004846
1.200000 =2 + 0.001748 s + 5.601612

Soction #2.000200 I7424.504901 Hz Center IFrequency

Peak Amplitudes 29411,3135918 Mz

AOx1 -2I758.000000, AQxZ -I2702,202R203

EWe 61.512702 Hz, @= 478.348440, Sampling Rates 78125.000000

1.000000 + 0.000000 z(-1) + -1.0000@Q@ :‘(-2)
1.000000 + 1.42749@ t(-1) + Q.997986 2(-2

1.734486 s + 0.000446
1.000022 -2 + 3.001747 5 + %,599211

29470, 200000 Hz Center Freguency (Nominal)
29429..58786 Mz Center Fraguency (Computed)
Foakr Smplitude: 29411.315918 M2

AD11 -27399, 0B0Q0Q, AG12 -32702.000000
ABR) -UITES, ¥00008, AD2Z -32702. 10TV

BW= 4£2.174199 Hz, Q= 473,333549, Sampling Rata= 78125.000Q00 H:z

1.2000C0 + 2.022828 = (-1) + ~2,000000 =(-2) + 9.080000 z(-3) + |.0@0083 = (-4
1.0000Q0 + 2,8853652 2(=1) + 4,034658 =(-2) + 2,849900 z(-3) + B.99I976 2(-4)

2.8468B621 =2 + .001137 3 » -9.49283¢
1.000008 324 + @,002580 o7 + 11.202227 52 + 0.014452 s + 31.572470

¥73uf€ 57




-

INTERNATIONAL SEARCH REPORT

International Application No. PCT/US91/04358

1. CLASSIFICATION OF SUBJECT MATTER (it several classification symbols apply, indicate ali) ¢

IPC
US CL -324/326,67

According to International Patent Classification (IPC) or to both National Classification and IPC
(59.601%" 5716

1l. FIELDS SEARCHED

Minimum Documentation Searched 7

Classification System

Classification Symbols

u.s. 324/66,67,326-329

Documentation Searched other than Minimum Documentation
to the Extent that such Documents are Included in the Fields Searched 8

1l. DOCUMENTS CONSIDERED TO BE RELEVANT 9

Category *

Citation of Document, 1! with indication, where appropriate, of the relevant passages 12 Relevant to Claim No.1?

see figure 4.

see entire document

A us, A, 4,070,625 24 January 1978, Harpster,see fig. 1-27
A us, A, 4,491,785 01 January 1985, Pecukonis, 1-27

A US, A, 4,542,344 17 September 1985, Darilek et al, 1-27

* Special categories of cited documents: 10

citation or other special reason (as specified)

other means

later than the priority date claimed

upr document published prior to the international filing date but

“T* jater document published after the international filing date
or priority date and not in conflict with the application but

“A" d t defining the g | state of the art which is not h con
considered to be of particular relevance ::':tlaedn ttico:ﬂundarstand the principle or theory underlying the
“E" earlier document but published on or after the international ux" document of particular relevance; the claimed invention
filing date cannot be considered novei or cannot be considered to
uL" document which may throw doubts on priority ciaim(s) or invoive an inventive step
which is cited to establish-the publication date of another wy" document of particular relevance; the claimed invention

cannot be considered to involve an inventive step when the
document is combined with one or more other such docu-

wQ" document referring to an oral disclosure, uss, exhibition or | C
ments, such combination being obvious to a person skilled

in the art.
ugr document membar of the same patent family

IV. CERTIFICATION

Date of the Actual Completion of the international Search

01 August 1991

Date of Mailing of this international Search Report

| 19 AUG 1491

International Searching Authority

ISA/US

ignature of Augorixcd Officer ~
/
7

WARREN S, EDMONDS

FormPCTASAZ210 {second sheeq) (Rev.11-87)




	Abstract
	Bibliographic
	Description
	Claims
	Drawings
	Search_Report

