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1

INTERROGATOR AND INTERROGATION
SYSTEM EMPLOYING THE SAME

This application is a continuation of patent application Ser.
No. 11/838,099, entitled “Interrogator and Interrogation Sys-
tem Employing the Same,” filed on Aug. 13, 2007, now, U.S.
Pat. No. 7,411,506 issued on Aug. 12, 2008, which applica-
tion is incorporated herein by reference.

TECHNICAL FIELD

The present invention is directed, in general, to communi-
cation systems and, more specifically, to an interrogator,
method of discerning the presence of an object, and an inter-
rogation system employing the same.

BACKGROUND

Asset tracking for the purposes of inventory control or the
like is employed in a multitude of industry sectors such as in
the food industry, apparel markets and any number of manu-
facturing sectors, to name a few. In many instances, a bar
coded tag or radio frequency identification (“RFID”) tag is
affixed to the asset and a reader interrogates the item to read
the tag and ultimately to account for the asset being tracked.
Although not readily adopted, an analogous system may be
employed in a medical environment to track equipment such
as an Electrocardiogram (“EK(G”) machine or other modular
patient monitoring equipment.

Of particular note is a surgical environment in which for
preparation for surgery a previously sterilized instrument kit
of surgical instruments and disposable items (collectively
referred to as surgical items) is brought into a surgical suite.
The instrument kit contains an assortment of surgical items
including hemostats, clamps, forceps, scissors, sponges, and
the like, based on the type of surgery to be performed. Typi-
cally, a scrub nurse removes the surgical items from the kit
and arranges them on a back table located behind the operat-
ing table. The surgical items are organized in rows on rolled
toweling for ease of access and handling by a surgeon and
supporting team. During the course of a surgical procedure,
the surgical items are often positioned on a “Mayo” stand
proximate the operating table, while the unused surgical
items remain on the back table. During the course of and at the
conclusion of the surgery, all of the surgical items must be
carefully counted to, among other things, avoid leaving any
surgical items in a patient.

In view of the consequences, surgical items are typically
counted at least three times during the course of a surgical
procedure. The first count is performed prior to the start of the
procedure; the second count is performed prior to a closure of
the patient; the third count is performed at the conclusion of
the procedure. In many instances, such as when more than one
surgical team is assigned to a procedure, many more counts of
the surgical items, often involving different personnel (e.g., a
circulating nurse and a scrub nurse), are performed. As a
matter of fact, the Association of PeriOperative Registered
Nurses (“AORN”) advocates four counts of the surgical items
as part of its recommended practices for surgical procedures.
Additionally, to keep track of the counts of the surgical items,
rudimentary systems such as visual records scribbled on
whiteboards or other more progressive computer tallying sys-
tems to designate the count of the surgical items are often
employed.

In common practice, access to and from an operating room
in the surgical suite is restricted during the counting process,
thereby resulting in a detention of valuable professional per-
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sonnel. A discrepancy in the count must be resolved by addi-
tional counts, physical examination of the patient or x-ray
examination, if necessary. Although it is unusual for a dis-
crepancy in the count to result from a surgical item remaining
in the patient, counting and recounting occurs in every surgi-
cal procedure and the repercussions associated with the loss
of'a surgical item is of grave concern to a medical facility and
the professionals.

Thus, the multiple manual counting of surgical items is
time consuming, ties up key professional personnel, contrib-
utes to surgical suite down time, distracts personnel from the
surgical procedure, lengthens the time the patient is exposed
to anesthesia leading to an increase in mortality and morbid-
ity risk, is generally distasteful to all involved, and still results
in errors wherein materials are left in the patient. It should be
quite understandable that the average cost overruns of such
delays associated with the personnel, capital equipment and
the surgical suite itself can run into the tens of thousands of
dollars per procedure. On an annual basis, the loss of produc-
tivity associated with the surgical suite is quite sizeable and
should be addressed to bolster the bottom line of a medical
facility.

Even with the degree of caution cited above, the problem
associated with the loss of surgical items, especially surgical
items retained within patients, is a serious one and has a
significant influence on the costs of malpractice insurance. As
amatter of fact, retained foreign bodies within a patient is one
of'the most prevalent categories of malpractice claims and the
most common retained foreign body is a sponge. In accor-
dance therewith, there is a diagnosis known as “gossypi-
boma” (wherein gossypium is Latin for cotton and boma is
Swahili for place of concealment) for the retention of a
sponge-like foreign body in a patient. The medical literature
is scattered with reports of presentations of retained sponges
found days, months, or even years after a surgical procedure.

The sponge is typically made of gauze-like material with
dimensions often covering a four-inch square or a two-inch
by four-inch rectangle. At one time sponges were commonly
made of cotton, but now a number of filament materials are
used. Occasionally, a filament of radiopaque material [e.g.,
barium sulfate (“BaSQO,”)] is woven into the surgical sponge,
or atab of that material is attached to the surgical sponge. The
filament or tab is provided to produce a distinct signature on
an x-ray machine for the purpose of determining if a sponge
is present in the patient. While this is generally effective, even
these filaments or tabs are not 100% effective in aiding the
location of the sponges. Different researchers report that
x-ray methods to supplement manual counting are fallible.

Moreover, in cases when a sponge remains in the body for
a long time, the radiopaque filament can become difficult to
locate and may even conform to internal structures. Some
have suggested that a computerized tomography (“CT”") scan
can be more effective than an x-ray examination because the
CT scans and ultrasonography may detect the reduced density
of'a sponge and its characteristic pattern of air or gas bubbles
trapped within the sponge. Many radiologists have published
a number of papers over the years on the problem of finding
lost sponges and these are generally known in the field of
medicine.

As mentioned above, there is a widespread practice in other
fields for counting, tracking and accounting for items and two
of the more prevalent and lowest cost approaches involve
various types of bar coding and RFID techniques. As with bar
coding, the RFID techniques are primarily used for automatic
data capture and, to date, the technologies are generally not
compatible with the counting of surgical items. A reason for
the incompatibility in the medical environment for the bar
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coding and RFID techniques is a prerequisite to identify items
covered in fluids or waste, and the exigencies associated with
the sterilizing of surgical items including a readable tag. Even
in view of the foregoing limitations for the application of
RFID techniques in the medical environment wherein less
than ideal conditions are prevalent, RFID tags have been
compatible with a number of arduous environments. In the
pharmaceutical industry, for instance, RFID tags have sur-
vived manufacturing processes that require products to be
sterilized for a period of time over 120 degrees Celsius. Prod-
ucts are autoclaved while mounted on steel racks tagged with
an RFID tag such that a rack identification (“ID””) number and
time/date stamp can be automatically collected at the begin-
ning and end of the process as the rack travels through the
autoclave on a conveyor. The RFID tags can be specified to
withstand more than 1000 hours at temperatures above 120
degrees Celsius. This is just one example of how RFID tags
can withstand the arduous environment including the high
temperatures associated with an autoclave procedure,
whereas a bar code label is unlikely to survive such treatment.

While identification tags or labels may be able to survive
the difficult conditions associated with medical applications,
there is yet another challenge directed to attaching an identi-
fication element to a surgical item or any small device. The
RFID tags are frequently attached to devices by employing
mechanical techniques or may be affixed with sewing tech-
niques. A more common form of attachment of an RFID tag
to a device is by bonding techniques including encapsulation
or adhesion.

While medical device manufacturers have multiple options
for bonding, critical disparities between materials may exist
in areas such as biocompatibility, bond strength, curing char-
acteristics, flexibility and gap-filling capabilities. A number
of'bonding materials are used in the assembly and fabrication
of both disposable and reusable medical devices, many of
which are certified to United States Pharmacopoeia Class VI
requirements. These products include epoxies, silicones,
ultraviolet curables, cyanoacrylates, and special acrylic poly-
mer formulations.

In many instances, the toughness and versatile properties
of'biocompatible epoxies make them an attractive alternative.
Epoxies form strong and durable bonds, fill gaps effectively
and adhere well to most types of substrates. Common uses for
medical epoxies include a number of applications which
require sterilization compatibility such as bonding lenses in
endoscopes, attaching plastic tips to tubing in disposable
catheters, coating implantable prosthetic devices, bonding
balloons to catheters for balloon angioplasty, and bonding
diamond scalpel blades for coronary bypass surgery, to name
a few. A wide range of such materials are available and some
provide high strength bonds which are tough, water resistant,
low in outgassing, and dimensionally stable over a tempera-
ture range of up to 600 degrees Fahrenheit. Some epoxies can
withstand repeated sterilization such as autoclaving, radia-
tion, ethylene oxide and cold (e.g., chemical) sterilization
methods.

As previously mentioned, familiar applications for RFID
techniques include “smart labels” in airline baggage tracking
and in many stores for inventory control and for theft deter-
rence. In some cases, the smart labels may combine both
RFID and bar coding techniques. The tags may include bat-
teries and typically only function as read only devices or as
read/write devices. Less familiar applications for RFID tech-
niques include the inclusion of RFID tags in automobile key
fobs as anti-theft devices, identification badges for employ-
ees, and RFID tags incorporated into a wrist band as an
accurate and secure method of identifying and tracking prison
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inmates and patrons at entertainment and recreation facilities.
Within the medical field, RFID tags have been proposed for
tracking patients and patient files, employee identification
badges, identification of blood bags, and process manage-
ment within the factories of manufacturers making products
for medical practice.

Typically, RFID tags without batteries (i.e., passive
devices) are smaller, lighter and less expensive than those that
are active devices. The passive RFID tags are typically main-
tenance free and can last for long periods of time. The passive
RFID tags are relatively inexpensive, generally as small as an
inch in length, and about an eighth of an inch in diameter
when encapsulated in hermetic glass cylinders. Recent devel-
opments indicate that they will soon be even smaller. The
RFID tags can be encoded with 64 or more bits of data that
represent a large number of unique ID numbers (e.g., about
18,446,744,073,709,551,616 unique ID numbers). Obvi-
ously, this number of encoded data provides more than
enough unique codes to identify every item used in a surgical
procedure or in other environments that may benefit from
asset tracking.

An important attribute of RFID interrogation systems is
that a number of RFID tags should be interrogated simulta-
neously stemming from the signal processing associated with
the techniques of impressing the identification information on
the carrier signal. A related and desirable attribute is that there
is not typically a minimum separation required between the
RFID tags. Using an anti-collision algorithm, multiple RFID
tags may be readily identifiable and, even at an extreme
reading range, only minimal separation (e.g., five centimeters
or less) to prevent mutual de-tuning is generally necessary.
Most other identification systems, such as systems employing
bar codes, usually impose that each device be interrogated
separately. The ability to interrogate a plurality of closely
spaced RFID tags simultaneously is desirable for applications
requiring rapid interrogation of a large number of items.

In general, the sector of radio frequency identification is
one of the fastest growing areas within the field of automatic
identification and data collection. A reason for the prolifera-
tion of RFID systems is that RFID tags may be affixed to a
variety of diverse objects (also referred to as “RFID objects™)
and a presence of the RFID tags may be detected without
actually physically viewing or contacting the RFID tag. As a
result, multiple applications have been developed for the
RFID systems and more are being developed every day.

The parameters for the applications of the RFID systems
vary widely, but can generally be divided into three signifi-
cant categories. First, an ability to read the RFID tags rapidly.
Another category revolves around an ability to read a signifi-
cant number of the RFID tags simultaneously (or nearly
simultaneously). A third category stems from an ability to
read the RFID tags reliably at increased ranges or under
conditions wherein the radio frequency signals have been
substantially attenuated. While significant progress has been
made in the area of reading multiple RFID tags almost simul-
taneously (see, for instance, U.S. Pat. No. 6,265,962 entitled
“Method for Resolving Signal Collisions Between Multiple
RFID Transponders in a Field,” to Black, et al., issued Jul. 24,
2001, which is incorporated herein by reference), there is still
room for significant improvement in the area of reading the
RFID tags reliably at increased ranges or under conditions
when the radio frequency signals have been substantially
attenuated.

Accordingly, what is needed in the art is an interrogator,
interrogation system and related method to identify and
account for all types of items regardless of the environment or
application that overcomes the deficiencies of the prior art.
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SUMMARY OF THE INVENTION

These and other problems are generally solved or circum-
vented, and technical advantages are generally achieved, by
advantageous embodiments of the present invention which
includes an interrogator and interrogation systems employing
the same. In one embodiment, the interrogation systems
include multiple interrogators that communicate with a base
command unit to track a location of an object. In another
embodiment wherein the object is an RFID object (e.g., an
object with an RFID tag), the interrogators employ signal
processing techniques such as precharging the RFID object,
and correlating a reference code with a reply code from the
RIFD object using selected techniques to increase a sensitiv-
ity of the interrogator, especially for adverse environments. In
other embodiments, the interrogation systems include varia-
tions of metal instruments and sponges employed therewith.
In yet another embodiment, the interrogation system includes
metal interrogators capable of discerning the presence of a
metal object, especially in a presence of another metal object.

The foregoing has outlined rather broadly the features and
technical advantages of the present invention in order that the
detailed description of the invention that follows may be
better understood. Additional features and advantages of the
invention will be described hereinafter which form the sub-
ject of the claims of the invention. It should be appreciated by
those skilled in the art that the conception and specific
embodiment disclosed may be readily utilized as a basis for
modifying or designing other structures or processes for car-
rying out the same purposes of the present invention. It should
also be realized by those skilled in the art that such equivalent
constructions do not depart from the spirit and scope of the
invention as set forth in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present inven-
tion, reference is now made to the following descriptions
taken in conjunction with the accompanying drawings, in
which:

FIGS. 1 to 14 illustrate system level diagrams of embodi-
ments of interrogation systems constructed according to the
principles of the present invention;

FIG. 15 illustrates a functional block diagram of an
embodiment of an interrogation system constructed accord-
ing to the principles of the present invention;

FIG. 16 illustrates a block diagram of an embodiment of a
base command unit constructed according to the principles of
the present invention;

FIG. 17 illustrates a block diagram of an embodiment of an
interrogator constructed according to the principles of the
present invention;

FIGS. 18 to 28 illustrate diagrams of exemplary antennas
employable with an interrogation system constructed accord-
ing to the principles of the present invention;

FIG. 29 illustrates a block diagram of another embodiment
of an interrogation system demonstrating the capabilities
associated with radio frequency identification according to
the principles of the present invention;

FIG. 30 illustrates a block diagram of another embodiment
of an interrogator constructed in accordance with the prin-
ciples of the present invention;

FIG. 31 illustrates a block diagram of an embodiment of
portions of the RFID sensing subsystem of FIG. 30 con-
structed in accordance with the principles of the present
invention;
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FIG. 32 illustrates a waveform diagram of an exemplary
response from an RFID tag of an RFID object in accordance
with the principles of the present invention;

FIG. 33 illustrates a waveform diagram of a spectral
response associated with the response from the RFID tag
illustrated in FIG. 32;

FIG. 34 illustrates a block diagram of portions of a control
and processing subsystem of an interrogator constructed
according to the principles of the present invention;

FIG. 35 illustrates a block diagram of an embodiment of
portions of a correlation subsystem associated with a control
and processing subsystem of an interrogator demonstrating
an exemplary operation thereof in accordance with the prin-
ciples of the present invention;

FIG. 36 illustrates a waveform diagram demonstrating
exemplary advantages associated with the correlation sub-
system described with respect to FIGS. 34 and 35;

FIG. 37 illustrates a waveform diagram demonstrating the
sidelobes associated with the correlation subsystem in accor-
dance with the principles of the present invention;

FIG. 38 illustrates a block diagram of portions of an
embodiment of a control and processing subsystem of an
interrogator constructed according to the principles of the
present invention;

FIG. 39 illustrates a waveform diagram demonstrating an
application of a cell averaging constant false alarm rate with
an interrogator according to the principles of the present
invention;

FIG. 40 illustrates a waveform diagram of a cell under test
to a cell average ratio as a function of a cell under test lag
using an unfiltered reference in accordance with a constant
false alarm rate in accordance with the principles of the
present invention;

FIG. 41 illustrates a waveform diagram of a cell under test
to a cell average ratio for another constant false alarm rate in
accordance with the principles of the present invention;

FIGS. 42 and 43 illustrate diagrams of embodiments of
filters employable with a control and processing subsystem of
an interrogator constructed according to the principles of the
present invention;

FIG. 44 illustrates a waveform diagram of a response from
a low pass filter employable with a control and processing
subsystem of an interrogator constructed according to the
principles of the present invention;

FIG. 45 illustrates a diagram of a filter structure employ-
able with a control and processing subsystem of an interro-
gator constructed according to the principles of the present
invention;

FIGS. 46 and 47 illustrate diagrams of an interrogation
sequence in accordance with an interrogator;

FIG. 48 illustrates an embodiment of an interrogation
sequence in accordance with an interrogator constructed
according to the principles of the present invention;

FIG. 49 illustrates waveform diagrams of an embodiment
of an interrogation sequence from an interrogator, along with
two RFID tag response waveforms from RFID tags desig-
nated Tag A and Tag B in accordance with the principles of the
present invention;

FIG. 50 illustrates waveform diagrams of an embodiment
of an interrogation sequence from an interrogator, response
for an RFID tag, and correlation signals from a correlation
subsystem of an interrogator in accordance with the prin-
ciples of the present invention;

FIG. 51 illustrates waveform diagrams of an embodiment
of full RFID tag responses and a partial RFID tag response in
accordance with the principles of the present invention;
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FIG. 52 illustrates waveform diagrams of an embodiment
for a string of modulated binary zeros and for a string of
modulated binary ones as encoded using frequency shift key-
ing in accordance with the principles of the present invention;

FIG. 53 illustrates waveform diagrams of an embodiment
of reference codes or RFID tag signatures including data and
clock signals or information, clock-only signals or informa-
tion, and data-only signals or information in accordance with
the principles of the present invention;

FIG. 54 illustrates a waveform diagram of an embodiment
of a non-coherently integrated correlation response for an
RFID tag matching a reference code or signature in accor-
dance with an interrogator constructed according to the prin-
ciples of the present invention;

FIG. 55 illustrates waveform diagrams of an embodiment
of a non-coherently integrated correlation response for an
RFID tag that matches a reference code or signature, for an
RFID tag with a similar reply code to the reference code, and
for no RFID tag present in accordance with an interrogator
constructed according to the principles of the present inven-
tion;

FIGS. 56 and 57 illustrate flow diagrams of embodiments
of methods of operating an interrogation system according to
the principles of the present invention;

FIGS. 58 and 59 illustrate diagrams of embodiments of an
RFID tag according to the principles of the present invention;

FIG. 60 illustrates pictorial representations of metal instru-
ments (e.g., medical instruments) employable with the inter-
rogation system of the present invention;

FIGS. 61 and 62 illustrate top and side views of an embodi-
ment of a metal instrument including an RFID tag according
to the principles of the present invention;

FIG. 63 illustrates a side view of an embodiment of a metal
instrument including an RFID tag according to the principles
of the present invention;

FIG. 64 illustrates a pictorial representation of an exem-
plary counting system for surgical sponges;

FIGS. 65 to 68 illustrate pictorial representations of several
types of surgical sponges;

FIG. 69 illustrates pictorial representations of RFID tags;

FIGS. 70 to 77 illustrate diagrams of embodiments of a
sponge in accordance with the principles of the present inven-
tion;

FIGS. 78 and 79 illustrate block diagrams of exemplary
environments for application of a metal interrogator in accor-
dance with the principles of the present invention;

FIGS. 80 and 81 illustrate block diagrams of an embodi-
ment of a metal interrogator constructed according to the
principles of the present invention;

FIGS. 82 to 89 illustrate diagrams of embodiments of
antenna arrays employable with a metal interrogator con-
structed according to the principles of the present invention;

FIG. 90 illustrates a functional block diagram of portions
of'an embodiment of a metal interrogator constructed accord-
ing to the principles of the present invention;

FIG. 91 illustrates digitized waveform diagrams demon-
strating waveforms produced by a metal interrogator in accor-
dance with the principles of the present invention;

FIG. 92 illustrates exemplary waveform diagrams of three
sampled responses taken from the same antenna within a
short time interval in accordance with the principles of the
present invention;

FIG. 93 illustrates waveform diagrams of intra-sample
noise reduction that relies upon the fact that the resultant
waveform from an induction pulse is an exponential curve in
accordance with the principles of the present invention;
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FIGS. 94 and 95 illustrate flow diagrams of embodiments
of a residual method metal detection process for a metal
interrogator in accordance with the principles of the present
invention;

FIG. 96 illustrates waveform diagrams of sampled
responses from two antennas, which are digitized and
sampled, according to the principles of the present invention;
and

FIG. 97 illustrates waveform diagrams for sampled
responses from two different metal detection antennas in
accordance with the principles of the present invention.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

The making and using of the presently preferred embodi-
ments are discussed in detail below. It should be appreciated,
however, that the present invention provides many applicable
inventive concepts that can be embodied in a wide variety of
specific contexts. The specific embodiments discussed are
merely illustrative of specific ways to make and use the inven-
tion, and do not limit the scope of the invention. The present
invention will be described with respect to exemplary
embodiments in a specific context, namely, an interrogator,
methods of discerning metal objects (e.g., objects that include
metal), RFID objects (e.g., objects that include an RFID tag or
radio frequency identification), and other objects, and an
interrogation system employing the same. The principles of
the present invention are applicable to many fields including,
without limitation, the medical environment, supply chain
management systems in the retail industry, and the defense
industry.

Referring initially to FIGS. 1 to 14, illustrated are system
level diagrams of embodiments of interrogation systems con-
structed according to the principles of the present invention.
The interrogation systems include multiple interrogators
(designated “INT”’) with corresponding antennas (designated
“ANT”) that define an active area for detecting, without limi-
tation, RFID objects (e.g., objects such as a sponge with an
RFID tag attached thereto), metal objects (e.g., objects
including metal), and bar coded objects (e.g., objects such as
a blood bag with a bar code thereon). The interrogators illus-
trated with respect to the interrogation systems of FIGS. 1 to
7 include far field antennas. The interrogators are located at
stations (such as a back table, a soiled consumable (or dis-
posable) and instrument station, a dirty basin station, and an
operating station of an operating room).

Additionally, ones of the interrogators form mobile inter-
rogators with, for instance, an RFID wand (designated “RFID
WAND;” see, e.g., FIG. 2), a metal wand (designated “MTL
WAND;” see, e.g., FIG. 3), an integrated RFID and metal
wand (designated “RFID/MTL WAND;” see, e.g., FIG. 5) or
combinations thereof, located at a station such as an operating
station. As illustrated in FIG. 6, selected ones of the mobile
interrogators may be integrated RFID and metal interrogator
wands (designated “RFID/MTL INT WAND”) chargeable
through a charger (designated “CHARGER”). While the
illustrated mobile interrogators include RFID and metal
wands, it should be understood that other technologies may
be employed in conjunction with the mobile interrogators
such as, without limitation, bar code, optical, optical recog-
nition, microelectromechanical systems, radio frequency and
dot-peening. As an example, optical scanning may be
employed to detect and account for small items such as
needles.

The interrogators are coupled to abase command unit (e.g.,
wirelessly as illustrated in FIG. 4) such as personal computer,
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a laptop computer, a server, or any computer processing sys-
tem. The base command unit (designated “BCU”) is coupled
to another computer system (designated “CS”) such as a
hospital information technology system and a display (e.g., a
wall mounted display designated “DIS”). The base command
unit includes control and processing subsystems for the inter-
rogation system.

As illustrated in FIG. 7, the interrogation system may also
incorporate multiple interrogators (designated “INT1” and
“INT2”) employing different types of technologies that
accommodate different technologies such as, without limita-
tion, RFID, metal, bar code, optical, optical recognition,
microelectromechanical systems, radio frequency and dot-
peening. Of course, the function of detecting different types
of technologies may be integrated into a single interrogator.
Thus, the interrogation systems can detect, count and account
for objects such as, without limitation, RFID objects (e.g.,
object with an RFID tag), metal objects and bar coded objects
(e.g., objects with a bar code). The interrogation systems
allow an RFID object or other object to be read into the base
command unit via an interrogator and reconciled, at a later
time, by being read by the same or a different interrogator into
the base command unit. The base command unit receives
signals from the interrogators to track a location of an object,
preferably in real time, which may be shown on a display. As
illustrated in FIG. 8, the interrogators are operable with dif-
ferent types of antennas such as, without limitation, near field
antennas (designated “ANT,”), ring antennas (designated
“ANTzve"), near field antenna arrays (designated
“ANT r 4rray ) and bi-static antennas.

Another problem encountered is the ability to detect and
read an RFID object at any location within a defined area. One
method of accomplishing this function is to specifically place
an antenna, for example, over a specific area so that that area
may be monitored. However, in doing so, other RFID objects
that may be in areas adjacent to the desired area can also be
inadvertently read due to coverage overlap in the antennas
thereby generating erroneous data. In addition, some environ-
ments strictly forbid antennas over areas wherein objects
need to be detected. Also, the dimensions of the specific areas
are not standardized and are required in various sizes and
shapes that are not defined apriori. Therefore, what is needed
is a interrogation system capable of reliably detecting and
counting RFID objects in a well defined area while not erro-
neously counting them in adjacent areas and additionally able
to easily define and modify this area both in size and shape.

Turning now to FIG. 9, illustrated is a diagram of an inter-
rogation system capable of providing interrogation (such as
RFID interrogation) coverage to a specific and well defined
area. An array of'tiles (a tile of which is designated “TILE”)
is located on a surface of a table (designated “TABLE”). Each
tile is individually capable of detecting and counting an object
(e.g.,an RFID object) if the RFID object is placed on or above
that tile. The array is connected to an interrogator (designated
“INT”) via cabling that individually directs each tile to inter-
rogate its specific area and reports the results back to a base
command unit via cabling. The individual tiles are reconfig-
urable with respect to each other so that both the shape and
size of the active area can be easily changed.

Turning now to FIG. 10, illustrated is a diagram of an
embodiment of an active tile according to the principles of
this invention. The active tile (designated “Active Tile”)
includes an integrated interrogator (designated “INT”) con-
nected to an antenna (designated “ANT”). The interrogator
derives prime power (designated “Pwr””) and input commands
as well as outputting results (via an input/output bus desig-
nated “1/O”) digitally to a controller.
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Turning now to FIG. 11, illustrated is a diagram of an
embodiment of an active tile (designated “Active Tile”) illus-
trating how an interrogator (designated “INT”) is connected
directly to an antenna (designated “ANT”). The side of the
antenna opposite that side to which the interrogator is con-
nected forms the radiating face of the antenna. Multiple tiles
can be mounted side by side in various configurations to
establish a desired area and size of desired coverage.

Turning now to FIG. 12, illustrated is a diagram wherein
active tiles (designated “Active Tile”) are individually addres-
sable via a bus (designated “BUS”). The active tiles commu-
nication via the bus with a controller (designated “CTLR”)
that includes a digital multiplexer (designated “DMUX”)
connected to a translator (designated “TNLR”), which com-
municates with a base command unit. The controller polls the
active tiles to obtain the results therefrom and provides a
translation for communication with the base command unit.

Turning now to FIG. 13, illustrated is a diagram wherein
active tiles (designated “Active Tile”) are individually addres-
sable via separate buses (one of which is designated “BUS”).
The active tiles communicate via their respective bus with a
controller (designated “CTLR”) that includes a digital mul-
tiplexer (designated “DMUX”) connected to a translator
(designated “TNLR”), which communicates with a base
command unit. The controller polls the active tiles to obtain
the results therefrom and provides a translation for commu-
nication with the base command unit.

Turning now to FIG. 14, illustrated is a diagram wherein an
antenna of tiles (designated “TILE”) individually communi-
cate via an RF link (one of which is designated “RFL.”) to an
RF multiplexer (designated “RMUX”") of a controller (desig-
nated “CTLR”). The controller also includes an interrogator
(designated “INT”) and a translator (designated “TNLR™),
which communicates with a base command unit. Thus, the
controller transmits/receives RF signals from the tiles, per-
forms the interrogation function, and provides a translation
for communication with the base command unit.

In addition to logging the continuous presence of an object
such as an RFID object within a given area as discussed
above, it is also often required to log items in at individual
stations. Again, it is important to reliably perform the logging
function for the desired objects while not erroneously detect-
ing and therefore erroneously logging in any undesired
objects. Therefore, what is needed is an interrogation system
that reliably and easily logs in desired objects while automati-
cally rejecting extraneous and, therefore, undesired objects
that may be in the vicinity.

Turning now to FIG. 15, illustrated is a functional block
diagram of an embodiment of an interrogation system con-
structed according to the principles of the present invention.
The interrogation system includes a base command unit (des-
ignated “BCU”) including an input/output module (desig-
nated “I/O module” including, without limitation, a display or
monitor, keyboard, mouse and printer), a device management
module (designated “DM module” including, without limita-
tion, a user interface, accountable object management,
remote scanner/detection management, fault tolerance, exter-
nal interfaces, continuous diagnostics, maintenance and con-
figuration), an operating system (designated “O/S module”
such as an MS Windows operating system), a processor (des-
ignated “processor”), and memory (designated “memory”
including, without limitation, a hard drive). The base com-
mand unit also includes an external computer system inter-
face (designated “CS I/F” including, without limitation, a
PCMCIA interface) to external computer systems such as,
without limitation, an information technology system or sup-
ply chain management system. The base command unit also
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includes a power management module (designated “PM
module”) coupleable to an external source of power. The base
command unit also includes a wand charger (designated
“wand charger”) coupleable to a wand when docked. The
base command unit also includes a remote communications
module (designated “RC module”) to communicate with the
wand and scan units via, for instance, bluetooth. In the illus-
trated embodiment, the wand unit represents a mobile inter-
rogator and the scan unit represents a fixed interrogator.

The wand unit (designated “wand”) and the scan unit (des-
ignated “scanner”) include a device management module
(designated “DM module”) including, without limitation,
device state management and configuration, maintenance
interface, fault tolerance, external interfaces and continuous
diagnostics. The wand and scan units also include an RFID
sensing subsystem (designated “RFID S/S”) coupled to an
RFID antenna (designated “RFID ANT”) via a radio fre-
quency power amplifier (designated “RF PA”). The wand and
scan units also include a metal sensing subsystem (“metal
S/S”) coupled to a metal antenna (designated “metal ANT”)
and another sensing subsystem (“other S/S” including, with-
out limitation, bar code, optical, optical recognition, micro-
electromechanical systems, radio frequency and dot-peen-
ing) coupled to another antenna/interface (designated “other
ANT/IF”). In the illustrated embodiment, the wand and scan
units are detecting or scanning for an RFID object (desig-
nated “RFID object” such as, without limitation, a sponge
with an RFID tag) via radio frequency (“RF”) energy. Of
course, an analogous principles apply for metal objects or
other objects as well.

The wand and scan units also include a user interface
module (designated “Ul module”) and a remote communica-
tions module (designated “RC module”) to communicate
with the base command unit. The scan unit also includes a
power management module (designated “PM module”) cou-
pleable to an external source of power and the wand unit
includes a power management module (designated “PM
module”) coupleable to a charger.

Turning now to FIG. 16, illustrated is a block diagram of an
embodiment of a base command unit constructed according
to the principles of the present invention. The base command
unit includes a processor, a video processor, memory (e.g.,
hard drive and memory backup), a router (e.g., a 12 port
universal serial bus 2.0 router), a power supply, and input/
output devices such as a monitor or display, a printer, an
audible device, a keyboard and a pointing device.

Turning now to FIG. 17, illustrated is a block diagram of an
embodiment of an interrogator constructed according to the
principles of the present invention. The interrogator includes
a metal sensing subsystem (including a metal detection wand
assembly and metal detector), an RFID sensing subsystem
(including an RFID reader module, fixed RFID antenna or
wand assembly, power amplifier, digital and analog assem-
blies), a host communication and power management mod-
ule, a power supply and remote communications module such
as a wireless interface. While the illustrated interrogator
includes RFID and metal sensing subsystems and modules, it
should be understood that the interrogator may include other
sensing subsystems and modules such as, without limitation,
bar code, optical, optical recognition, microelectromechani-
cal systems, radio frequency and dot-peening.

Turning now to FIGS. 18 to 28, illustrated are diagrams of
exemplary antennas employable with an interrogation system
constructed according to the principles of the present inven-
tion. Often in detection, an object (e.g., an RFID object) to be
detected is fixed and the interrogator is scanned over an area
where an RFID tag of the RFID object might be located. One

20

25

30

35

40

45

50

55

60

65

12

approach to this problem is to simply use an existing antenna
in a monostatic configuration and extend it via radio fre-
quency (“RF”) cabling so that the antenna can in effect be
scanned over an area. The problem with this approach is that
should the antenna be of a near field design, its range may
only be on the order of a few inches and therefore render it
ineffective for many applications. On the other hand, a con-
ventional bistatic antenna using far field antennas is large and
the area of detection can also be sufficiently large so as to
render it useless for any detection that also requires location
information. Therefore, what is needed is an antenna that both
provides good location information and maintains good
detection sensitivity beyond several inches.

Turning now to FIG. 18, illustrated is a diagram ofan RFID
interrogator (designated “INT”) employing a bistatic antenna
configuration where a first antenna (designated “RX ANT”) is
connected to a receiver port (designated “RX”) and a second
antenna (designated “TX ANT”) is connected to a transmitter
port (designated “TX”). This approach allows for greater
isolation between the transmitted and received signals and
also allows for different antenna characteristics for the trans-
mit and receive functions of the interrogator.

Turning now to FIG. 19, illustrated is an embodiment of a
bistatic antenna configuration used with RFID interrogator
specifically configured to provide both good detection sensi-
tivity at ranges of several feet while also maintaining good
location detection capability. In this embodiment, a transmit
antenna (designated “TX ANT”) is connected to the transmit
port (designated “TX”) of the interrogator and is a single
antenna about which is placed two (2) receive antennas (des-
ignated “RX ANT”) which are then connected to a matching
network (designated “MN”) and then to the receive port (des-
ignated “RX”) of the interrogator. The transmit antenna and
receive antennas need not be of the same type as illustrated in
this embodiment. By mounting the bistatic antennas in this
configuration, in addition to improved RF isolation between
transmit and receive ports, the interrogator attains substan-
tially greater capability for specifically locating the RFID
object with respect to a known reference point (designated
“REF”) that is uniquely defined.

Turning now to FIGS. 20 to 26, illustrated are embodi-
ments of antenna configurations constructed according to the
principles of the present invention. Regarding FIGS. 20 and
21, a curved metallic structure contains a single continuous
element (designated “CE”). This structure, therefore, places a
much higher field strength for detection within the curved
structure than without. Additionally, a mounting structure
(designated “MT”) such as a pole supports the antenna. Of
course, other mounting structures are well within the broad
scope of the present invention. As illustrated in FIG. 22, the
curved metallic structure has been replaced by straight sur-
faces. This antenna configuration offers a more open configu-
ration so that the object can be logged at greater distances. As
illustrated in FIGS. 23 and 24, the continuous element dis-
cussed above is replaced by individual discrete elements (des-
ignated “DE”) and mounted to the curved conducting sur-
faces. As illustrated in FIG. 25, individual discrete elements
(designated “DE”) are located on straight conducting sur-
faces.

Turning now to FIG. 26, a closed metal structure having an
open top (designated “OT”) and open bottom has mounted
onto its inner surfaces discrete antenna elements (designated
“DE”). In this manner, an object when passing through the
structure shall have a higher probability of being detected due
to the multiple opportunities for the RFID object to be both
illuminated and read by the multiple antennas and the RF
multipath generated within this relatively closed environ-



US 7,755,491 B2

13

ment. This environment also provides excellent localized
RFID interrogation, while at the same time not extraneously
reading RFID objects in adjacent areas.

Turning now to FIGS. 27 and 28, illustrated are other
embodiments of antenna configurations constructed accord-
ing to the principles of the present invention. In addition to
detecting an RFID object when passing therethrough, the
antenna configurations may also detect a direction by which
that RFID object passed therethrough. Applications of this
added capability include the ability to accept or log in an
object by placing the object therethrough in one direction and
rejecting or logging out an object by placing the object there-
through in the opposite direction. Other applications for this
added capability are comprehended herein.

Regarding FIG. 27, the antenna configuration is a generally
cylindrical metallic structure open at both ends (one of which
is designated “END”) and includes two bands of antenna
elements (designated “AEL”), which may be either continu-
ous or discrete. Additionally, an RF barrier (designated
“RFB”) is also included so that radiation from one antenna
element (or set thereof) does not impinge or excite the other
antenna element (or set thereof). Therefore, an object passing
through the structure is detected first by one antenna element
and then the other at different times, defining uniquely the
direction of the RFID object.

Regarding FIG. 28, the cylindrical shape discussed above
is replaced by a generally square shape open at both ends (one
of which is designated “END”). Here, the antenna elements
(designated “AEL”) also encompass the structure and are also
separated by an RF barrier (designated “RFB”). It should be
noted that the exemplary embodiments of the antennas intro-
duced herein are provided for illustrative purposes only and
other embodiments that include arrays for both transmit and
receive antennas as well as antennas mounted in different
configurations with respect to each other to achieve specific
desirable properties such as that discussed above for specific
applications are well within the broad scope of the present
invention.

Thus, an interrogation system and method of operating the
same has been introduced herein. In an aspect, the interroga-
tion system includes an interrogator configured to detect an
object at a first time and a second time, and a base command
unit is configured to receive signals from the interrogator to
track a location of the object, advantageously in real time. In
another aspect, the interrogation system includes a first fixed
interrogator, located at a first station, configured to detect an
object at a first time, a second fixed interrogator, located at a
second station, configured to detect the object at a second
time, and a mobile interrogator, located at a third station,
configured to detect the object at a third time. A base com-
mand unit of the interrogation system is configured to receive
signals from the first and second fixed interrogators and the
mobile interrogator to track a location of the object, advanta-
geously in real time. The base command unit may be coupled
to a display to show a location of the object and communicate
with another computer system.

In a related embodiment, the object is selected from the
group consisting of a radio frequency identification object, a
radio frequency object, a metal object, a bar coded object, a
microelectromechanical systems object, an optical recogni-
tion object and a dot-peening object. Additionally, the inter-
rogators employ antennas selected from the group consisting
of far field antennas, near field antennas, near field antenna
arrays, ring antennas and bi-static antennas. In a medical
environment, ones of the locations mentioned above are
located in an operating room selected from the group consist-
ing of a back table, a soiled consumable and instrument
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station, a dirty basin station and an operating station. Inaccor-
dance therewith, the object may be a radio frequency identi-
fication object in the form of a sponge with a radio frequency
identification tag.

In another related embodiment, ones of the interrogators
are radio frequency identification interrogators and the object
is aradio frequency identification object and the interrogation
system further includes another interrogator configured to
detect a different object. Thus, the base command unit can
receive signals from the another interrogator to track a loca-
tion of the different object. In a related embodiment, ones of
the interrogators are an integrated radio frequency identifica-
tion and other interrogator configured to detect a radio fre-
quency identification object and a different object. Thus, the
base command unit is configured to receive signals from the
interrogator to track a location of the radio frequency identi-
fication and different objects.

In one aspect, the base command unit is a laptop computer.
Additionally, the base command unit may include an input/
output device, a device management module, an operating
system, a processor, a memory, an external computer system
interface, a power management module and a remote com-
munications module. Also, ones of the interrogators may
include a device management module, a sensing subsystem, a
power management module, a remote communications mod-
ule and a user interface module. In applications wherein the
object is a radio frequency identification object, ones of the
interrogators generate radio frequency energy in accordance
with a radio frequency identification sensing subsystem and a
radio frequency power amplifier to detect the radio frequency
identification object. Additionally, the interrogation system
may include a charger for the mobile interrogator mentioned
above.

Turning now to FIG. 29, illustrated is a block diagram of
another embodiment of an interrogation system demonstrat-
ing the capabilities associated with radio frequency identifi-
cation according to the principles of the present invention.
The interrogation system includes an interrogator 2915
including an RFID sensing subsystem 2920 and a control and
processing subsystem 2930 that energizes an RFID tag 2905
and then receives, detects and decodes the encoded RF energy
(reflected or transmitted) from the RFID tag 2905. The con-
trol and processing subsystem 2930 provides overall control
of'the functions of the interrogator 2915 as well as any report-
ing functions. The interrogator 2915 may also include a user
interface, communications subsystem, a power source and
other subsystems as described above.

Additionally, the interrogation system may be employed
with multiple RFID objects and with different types of RFID
tags. For example, the RFID tags may be passive, passive with
active response, and fully active. For a passive RFID tag, the
transmitted energy provides a source to charge an energy
storage device within the RFID tag. The stored energy is used
to power a response from the RFID tag wherein a matching
impedance and thereby a reflectivity of the RFID tag is altered
in a coded fashion of ones (“1”’) and zeros (“0”). At times, the
RFID tag will also contain a battery to facilitate a response
therefrom. The battery can simply be used to provide power
for the impedance matching/mismatching operation
described above, or the RFID tag may even possess an active
transmitting function and may even respond at a frequency
different from a frequency of the interrogator. Any type of tag
(e.g., RFID tag) whether presently available or developed in
the future may be employed in conjunction with the interro-
gation system. Additionally, the RFID objects may include
more than one RFID tag, each carrying different information
(e.g., object specific or sensors reporting on the status of the



US 7,755,491 B2

15
object) about the RFID object. The RFID tags may also
include more than one integrated circuit, each circuit includ-
ing different coded information for a benefit of the interroga-
tion system.

Referring to FIG. 30, illustrated is a block diagram of
another embodiment of an interrogator constructed in accor-
dance with the principles of the present invention. The inter-
rogator includes a metal sensing subsystem 3005, a metal
sensing antenna interface 3010, a metal sensing antenna
3015, an RFID sensing subsystem 3020, an RFID sensing
antenna interface 3030, an RFID sensing antenna 3035 and a
control and processing subsystem 3040. While the illustrated
embodiment provides for an integrated metal and RFID
detection capability, those skilled in the art should understand
that portions of the interrogator may be omitted or rendered
inactive to provide a metal or RFID interrogator. Addition-
ally, different types of sensing subsystems may be incorpo-
rated into the interrogator to detect other types of objects, as
well.

The metal sensing subsystem 3005 includes a metal sens-
ing digital-to-analog converter (“DAC”) 3006, a metal sens-
ing transmit amplifier 3007, a metal sensing receive amplifier
3008 and a metal sensing analog-to-digital converter
(“ADC”) 3009. The metal sensing antenna interface 3010
includes a metal sensing transmit conditioning filter 3011 and
a metal sensing receive conditioning filter 3012. The metal
sensing antenna 3015 includes a metal sensing transmit
antenna 3016 and a metal sensing receive antenna 3017.

The RFID sensing subsystem 3020 includes an RFID sens-
ing DAC 3021, an RFID sensing transmit selector switch
3022, a first RFID sensing transmit amplifier 3023, a second
RFID sensing transmit amplifier 3024, a first RFID sensing
receive amplifier 3025, a second RFID sensing receive ampli-
fier 3026, an RFID sensing receive selector switch 3027 and
an RFID sensing ADC 3028. The RFID sensing antenna
interface 3030 includes first and second RFID sensing trans-
mit conditioning filters 3031, 3032 and first and second RFID
sensing receive conditioning filters 3033, 3034. The RFID
sensing antenna 3035 includes first and second RFID sensing
transmit antennas 3036, 3037 and first and second RFID
sensing receive antennas 3038, 3039. “HI band” and “LO
band” capabilities are present to accommodate the wide fre-
quency range necessary to detect the various types of RFID
tags.

In an alternative embodiment, a mixing or heterodyning
function may be included within the RFID sensing ADC 3028
or the RFID sensing DAC 3021 functions. These techniques
are known to those skilled in the pertinent art and may be
employed to translate signal processing to a more desirable
frequency range thereby allowing less expensive or more
readily available components to be used. Additionally, the
specific nature and function of the first and second transmit
conditioning filters 3031, 3032 and first and second RFID
sensing receive conditioning filters 3033, 3034 may vary
depending on the specific algorithms employed for control
and processing and for signal generation and recovery. Also,
some embodiments may not require some or all of the filters
shown.

In the illustrated embodiment, the control and processing
subsystem 3040 may be a software defined structure that
allows features and functions of the interrogator to be easily
modified or tailored by altering software functions. The con-
trol and processing subsystem 3040 employs a crystal oscil-
lator to provide a precise frequency reference for both the
metal and RFID sensing subsystems 3005, 3020.

The control and processing subsystem 3040 generates a
metal sensing digital excitation signal based on a metal sens-
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ing mode of operation selected and provides this signal to the
metal sensing DAC 3006. The metal sensing digital excitation
signal may be in the form of a continuous tone. Alternatively,
the digital excitation signal may vary in amplitude, frequency,
or phase and may also be of a pulsed nature wherein the
waveform duty cycle is less than 100 percent. The frequency
of'the metal sensing digital excitation signal may generally be
in the range of five to 100 kilohertz (“kHz”). Different wave-
forms may be used to optimize a detection of both ferrous and
non-ferrous metals. These waveforms may be selected for
different sizes and masses of metals and for metals at different
locations and depths within a patient. Algorithmic informa-
tion employed in generating these excitation signals may be
part of the control and processing subsystem 3040.

The metal sensing DAC 3006 converts the metal sensing
digital excitation signal into an analog signal that, except for
its amplitude, is the metal sensing transmit signal. The analog
signal is provided to the metal sensing transmit amplifier
3007, which amplifies the analog signal to a correct amplitude
for transmission. The output of the metal sensing transmit
amplifier 3007 is provided to the metal sensing transmit con-
ditioning filter 3011, which sufficiently attenuates all out-of-
band signals and provides a proper impedance match to the
metal sensing transmit antenna 3016. The metal sensing
transmit antenna 3016 launches the metal sensing transmit
signal.

A metal object present in the vicinity of the metal sensing
transmit antenna 3016 and the metal sensing transmit signal
will generate a metal sensing return signal wherein the metal
sensing return signal may be based on a change in a field
characteristic of the metal sensing transmit signal. The field
characteristic may be altered in the vicinity of the metal object
such that a distinctive metal sensing receive signal impinges
on and excites the metal sensing receive antenna 3017. The
output of the metal sensing receive antenna 3017 is provided
to the metal sensing receive conditioning filter 3012, which
sufficiently attenuates all out-of-band energy and provides a
proper impedance match between the metal sensing receive
antenna 3017 and the metal sensing receive amplifier 3008.

The metal sensing receive amplifier 3008 amplifies the
metal sensing receive signal to a level sufficient for process-
ing and provides it to the metal sensing ADC 3009. The metal
sensing ADC 3009 provides a metal sensing digital signal,
proportional to the metal sensing receive signal, to the control
and processing subsystem 3040, which determines if the
metal sensing digital signal has a signature representing a
presence of a metal object in the vicinity of the metal sensing
antenna 3015.

The control and processing subsystem 3040 generates an
RFID sensing digital excitation signal based on an RFID
mode of operation selected and outputs this signal to the
RFID sensing DAC 3021. The RFID sensing digital excita-
tion signal may be in the form of a code that excites and
energizes an RFID object present including an RFID tag. The
carrier frequency associated with this code may be in one of
two frequency bands. A first frequency band may be centered
around 133-135 kHz and is designated as the “LO band.” A
second frequency band may be centered around 10-13 mega-
hertz (“MHz”) and is designated the “HI band.” Alternatively,
a “HI band” around 902-928 MHz may also be employed.
Alternatively, the 133-135 kHz and the 10-13 MHz bands
may be combined in the “LLO band” and some specific imple-
mentations may require only a single band. A frequency band
is selected based on the RFID mode of operation selected.
Each frequency band corresponds to different types of RFID
tags present, which may be based on its size or other factors.
Of course, the broad scope of the present invention is not
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limited to a particular frequency band. Generally, algorithmic
information to generate the RFID sensing digital excitation
signal is contained in the control and processing subsystem
3040.

The RFID sensing DAC 3021 converts the RFID sensing
digital excitation signal into an analog signal that, except for
amplitude, is the RFID sensing transmit signal. The RFID
sensing transmit signal is provided to the RFID sensing trans-
mit selector switch 3022, which is controlled by the control
and processing subsystem 3040. The RFID sensing transmit
selector switch 3022 directs the RFID sensing transmit signal
to the first RFID sensing transmit amplifier 3023 or the sec-
ond RFID sensing transmit amplifier 3024, respectively,
based on whether the RFID sensing transmit signal is “HI
band” or “L.O band.” The first RFID sensing transmit ampli-
fier 3023 and the second RFID sensing transmit amplifier
3024 increase the amplitude of the “HI band” and “L.O band”
signals to a correct amplitude for transmission.

The first RFID sensing transmit amplifier 3023 provides
the “HI band” signal to the first RFID sensing transmit con-
ditioning filter 3031 and the second RFID sensing transmit
amplifier 3024 provides the “LO band” signal to the second
RFID sensing transmit conditioning filter 3032. The first and
second RFID sensing transmit conditioning filters 3031, 3032
employ differing center frequencies and sufficiently attenuate
associated out-of-band signals. Additionally, they provide a
proper impedance match to their respective first or second
RFID sensing transmit antennas 3036, 3037, which launch
their respective RFID sensing transmit signals.

An RFID object, including an RFID tag, in the vicinity of
the first or second RFID sensing transmit antenna 3036, 3037
generates an RFID sensing return signal. The RFID sensing
return signal impinges on and excites the appropriate first or
second RFID sensing receive antenna 3038, 3039, respec-
tively, to provide an RFID sensing receive signal. An output of
the first or second RFID sensing receive antenna 3038, 3039
is provided to the first or second RFID receive conditioning
filter 3033, 3034, respectively. The first or second RFID
receive conditioning filter 3033, 3034 sufficiently attenuates
the out-of-band energy and provides a proper impedance
match between the first or second RFID sensing receive
antenna 3038, 3039 and the first or second RFID sensing
receive amplifier 3025, 3026, respectively.

The first or second RFID sensing receive amplifier 3025,
3026 amplifies the small RFID sensing receive signal to a
level sufficient for processing and provides an amplified
RFID sensing receive signal to the RFID sensing receive
selector switch 3027, which is controlled by the control and
processing subsystem 3040. The control and processing sub-
system 3040 selects the appropriate reception path through
the RFID sensing receive selector switch 3027 for input to the
RFID sensing ADC 3028, based on the excitation signal
transmitted. The RFID sensing ADC 3028 provides an RFID
sensing digital signal, proportional to the RFID sensing
receive signal, to the control and processing subsystem 3040,
which determines if the RFID sensing receive signal has a
signature representing a presence of an RFID object in the
vicinity of the RFID sensing antenna 3035. For an example of
such an interrogator, see U.S. Pat. No. 7,019,650 (the *650
Patent), entitled “Interrogator and Interrogation System
Employing the Same,” to Volpi, et al., issued Mar. 28, 2006,
which is incorporated herein by reference.

Turning now to FIG. 31, illustrated is a block diagram of an
embodiment of portions of the RFID sensing subsystem 3020
of FIG. 30 constructed in accordance with the principles of
the present invention. For purposes of illustration, the illus-
trated embodiment and related description is directed to the
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“Hi band” signals. Of course, the principles described herein
are equally applicable to the “LLO band” signals. More spe-
cifically, the illustrated embodiment provides an exemplary
RFID sensing transmit amplifier (e.g., the first RFID sensing
transmit amplifier 3023) of the RFID sensing subsystem 3020
of FIG. 30 and will hereinafter be described with continuing
reference thereto.

The first RFID sensing transmit amplifier 3023 includes
first and second amplifiers 3052, 3062, a mixer 3056 and an
oscillator 3058. The first amplifier 3052 (acting as a buffer
and amplifier) receives a signal from the RFID sensing trans-
mit selector switch 3022 and provides a modulated signal to
the mixer 3056. The oscillator 3058 receives a control signal
from the control and processing subsystem 3040 and provides
a carrier signal to the mixer 3056 to set an RF carrier fre-
quency. The control signal determines the basic RF carrier
frequency that can change according to a specific air interface
specification. For example, the United States ultra-high fre-
quency (“US UHF”) standard specifies a basic carrier fre-
quency between 902 and 928 MHz. Of course, other stan-
dards and carrier frequencies are well within the broad scope
of'the present invention. The mixer 3056 adds the modulated
signal to the carrier signal and provides a mixed signal to the
second amplifier 3062. The second amplifier 3062 is a vari-
able gain amplifier whose output signal amplitude is deter-
mined by a gain control signal from the control and process-
ing subsystem 3040. The gain control signal sets an output
power level of the signal from the second amplifier 3062. The
signal from the second amplifier 3062 is provided to the first
RFID sensing transmit conditioning filter 3031. The RFID
sensing subsystem 3020 otherwise operates as set forth above
with respect to FIG. 30. Alternatively, the modulated signal
may be applied directly to an output amplifier by a gain
control signal and thereby eliminate the need for the mixer
3056.

Turning now to FIG. 32, illustrated is a waveform diagram
of'an exemplary response from an RFID tag of an RFID object
in accordance with the principles of the present invention.
The exemplary response includes recorded transmissions
3215 and backscatter return signals 3220 from the RFID tag
under docile conditions. Under docile conditions, the
response from the RFID tag is quite strong and substantially
above the ambient noise level 3210 and an interrogator can
more readily detect the response on an individual bit-by-bit
basis.

Turning now to FIG. 33, illustrated is a waveform diagram
of a spectral response associated with the response from the
RFID tag illustrated in FIG. 32. As illustrated, the spectral
response provides a strong signal in accordance with the
response from the RFID tag under docile conditions. The
signal is essentially in two distinct components. The first
component is a strong backscatter return 3310, which is stron-
gest in amplitude and at the center of the response. The second
component is the lower amplitude frequency shift keying
(“FSK”) modulation backscatter return 3315 consisting of a
series of peaks. In hostile environments or, more generally,
when the response from the RFID tag is not as strong, such as
when the RFID tag is located at an increased range from the
interrogator or the RFID tag is obstructed from the interroga-
tor by absorptive or reflective materials, the backscatter return
signals 3315 from the RFID tag to the interrogator are sub-
stantially weakened. Consequently, the detection and identi-
fication of the RFID tag is much more difficult and an inter-
rogator architecture that can accommodate an improved
signal to noise detection capability under adverse conditions
while not increasing the probability of erroneous responses
would be advantageous. As will become more apparent, an



US 7,755,491 B2

19

interrogator and interrogation system constructed according
to the principles of the present invention accommodates reli-
able identification of the RFID tag under docile conditions
and in hostile environments.

By way of example, consider a response from an RFID tag
and the existence thereof to be a one-bit message, namely, the
RFID tag is either present or not. Then, the presence of the
RFID tag may be alogical “1” and an absence thereof may be
a logical “0,” or vice versa. Then, further consider the bits of
the reply code to be a spreading code for the one-bit message.
Spreading codes are used in spread spectrum communica-
tions to provide additional gain from signal processing for
weak signals. For a better understanding of spread spectrum
technology, see an “Introduction to Spread Spectrum Com-
munications,” by Roger L. Peterson, et al., Prentice Hall Inc.
(1995) and “Modem Communications and Spread Spec-
trum,” by George R. Cooper, et al., McGraw-Hill Book Inc.
(1986), both of which are incorporated herein by reference.

Further assume that a reference code [representing a reply
code or portions thereof such as a tag identification (“ID”)
code] is preloaded into an interrogator and the reply code
from the RFID tag plus any noise are correlated against the
reference code by a correlation subsystem within the interro-
gator. If a match occurs, an increase in a gain [in decibels
(“dB”)] for the matched signal within the interrogator follows
the relationships as set forth below:

Gain Increase(dB)=10xLog 10(N),

wherein “N” is the number of bits used in the correlation.

In a numerical example, if an RFID tag with a 64 bit tag ID
code is used for the correlation, then the gain would be 18.06
dB. Additionally, if an RFID tag with a 96 bit tag ID code and
an eight bit preamble and 16 bit cyclic redundancy check
(“CRC”) 1s used for the correlation, then the gain would be
20.79 dB. The gain corresponds to an improvement in the
signal to noise ratio (“SNR”) as set forth above.

Turning now to FIG. 34, illustrated is a block diagram of
portions of a control and processing subsystem of an interro-
gator constructed according to the principles of the present
invention. The control and processing subsystem includes a
correlation subsystem 3405 and a decision subsystem 3410.
While in the illustrated embodiment the correlation sub-
system and the decision subsystem form a portion of the
control and processing subsystem such as within a digital
signal processor thereof, those skilled in the art should under-
stand that the subsystems may be discrete subsystems of the
control and processing subsystem of the interrogator or
located in other locations of an interrogation system.

The interrogator may employ a correlation operation to
correlate between reference codes (generally designated
3415) corresponding to reply codes (generally designated
3425) from the RFID tags of RFID objects and subsequently
received and digitized reply codes from the RFID tags to
enhance a sensitivity of the interrogator. The reply codes are
typically generated as complex [+jQ signals, where I signifies
the in phase portion of the signal and Q signifies its quadrature
counterpart. The reference codes may be scanned in during
the initialization stage or derived synthetically as hereinafter
described. To derive the reference code synthetically, the
amplitude, phase and delay (e.g., timing of a response to an
excitation signal) information of a particular type of RFID tag
may be employed by the interrogator to derive the synthetic
reference code. The correlation occurs in a correlator 3430
wherein the reply code is correlated (e.g., compared or
matched) with the reference code during a post-initialization
stage of operation. The correlation is mathematically analo-
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gous to a convolution operation. For a better understanding of
convolution theory, see “An Introduction to Statistical Com-
munication Theory,” by John B. Thomas, published by John
Wiley & Sons, Inc. (1969), which is incorporated herein by
reference.

A stream of incoming data in the form of a response to the
interrogator (e.g., corresponding to responses in the form of
reply codes from the RFID tags) is correlated against pre-
loaded reference codes loaded into a reference code database
in time. Alternatively, samples of the incoming data may be
gated in a block by the interrogator and then the data is
correlated in block manner against the reference codes. In the
latter example, a gating process is employed to gate the
incoming data properly. Under such circumstances, apriori
knowledge of a timing of the responses from the RFID tag in
connection with a query by the interrogator better serves the
process of gating the block of incoming data (e.g., the
responses) from the RFID tags. Any known delay in the
responses from the RFID tags can be preloaded in the inter-
rogator during the initialization stage. An external sensor
such as a position sensor (e.g., inertial sensor) may be
employed by the interrogator to aid the correlation subsystem
in predicting the timing of a response from the RFID tag. A
synchronization pulse (e.g., derived from the transmit exci-
tation signal) may also be employed to better define a timing
of'a response from an RFID tag.

The output of the correlator 3430 representing individual
correlations of the reference code with incoming data is
summed in a summer 3435 providing a correlation signal to
improve the signal to noise ratio of the correlated signal. The
correlation signal from the summer 3435 is typically input
into a threshold detector 3440 within the decision subsystem
3410 to verify a presence of an RFID tag. The threshold
detector 3440 typically compares the correlation signal with
at least one threshold criteria or value (also referred to as
threshold). The threshold may be fixed or dynamically deter-
mined. In one exemplary embodiment, where only a single
threshold is present, an RFID tag is declared present if the
correlation signal from the summer 3435 exceeds the thresh-
old, and not present if the converse is true. In other embodi-
ments, multiple thresholds may be used to indicate various
levels of probabilities as to the likelihood that an RFID tag is
present or not. This information may then be used to initiate
selected or additional search modes so as to reduce remaining
ambiguities.

Regarding the timing of the responses from the RFID tag,
a tracking of the reply codes may suggest that the reply code
is early, prompt or late. If the tracking suggests that the reply
code is prompt (prompt output greater than early and later
output), then a gating function is properly aligned to provide
asignificant correlator output. Ifthe tracking suggests that the
reply code is early, then the early correlator output is signifi-
cant as compared to the late correlator output and the corre-
lation subsystem 3405 is tracking too early and the requisite
adjustment may be performed. An opposite adjustment may
be performed if the tracking suggests that the reply code is
late.

Another approach is to use a tracking loop that uses past
successful detection performance to establish a gating pro-
cess for subsequent correlations. In yet another embodiment
relating to the correlation of the reply codes from the RFID
tags is to perform Fast Fourier Transforms (“FFTs”) on both
the reference code and a gated sample of the reply codes from
the RFID tags. Then, a convolution operation in “Fourier
Space” may be performed employing the convolution theo-
rem. The convolution theorem states that the convolution of
two functions is the product of the Fourier transforms thereof.
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An output of the correlation operation is typically envelope
detected and several outputs may be averaged in a summing
operation that preserves time characteristics of each indi-
vidual detection. For an example of such a control and pro-
cessing subsystem, see U.S. Publication No. 2005/0201450
(the *450 Publication), entitled “Interrogator and Interroga-
tion System Employing the Same,” to Volpi, et al., filed Mar.
3, 2005, which is incorporated herein by reference.

Turning now to FIG. 35, illustrated is a block diagram of an
embodiment of portions of a correlation subsystem associ-
ated with a control and processing subsystem of an interro-
gator demonstrating an exemplary operation thereof in accor-
dance with the principles of the present invention. In the
present embodiment, a technique referred to as a “corner
turning memory” is used in accordance with the correlation
subsystem allowing a summing and averaging process for
multiple correlations. An output of a correlator is read into
memory by rows (one of which is designated 3510) with each
row designating a single correlation. Then an output from the
summing process (which embodies the memory or a function
thereof) is generated by summing across individual columns
(generally designated 3515, hence the name corner turning)
applying an appropriate scaling factor. An output from the
memory represents an average of “P” outputs of the correla-
tion subsystem wherein “P” is the number of rows in the
corner turning memory. Assuming a signal is located in every
row of the corner turning memory, the improvement in signal
to noise ratio (“SNR”) is increased by the square root of “P.”

Using this approach, several options for enhancing perfor-
mance of the interrogator are possible. For example, the
results of different averaging times can be almost simulta-
neously compared and the modes of operation of the interro-
gator adjusted for enhanced performance. Also, this approach
allows the sliding average technique (as described above) to
be employed so that the output from the memory is an average
over a predetermined period of time. Also, other averaging
techniques in addition to the use of the corner turning memory
are well within the broad scope of the present invention.

Turning now to FIG. 36, illustrated is a waveform diagram
demonstrating exemplary advantages associated with the cor-
relation subsystem described with respectto FIGS. 34 and 35.
In the illustrated embodiment, a conventional waveform 3615
represents the probability of detection for a given carrier to
noise ratio (“C/No”) of a conventional reader reading at least
one out of 100 possible attempts. A total of 100 trials were
averaged in accordance with the correlation subsystem and an
improved waveform 3610 represents the increased probabil-
ity of detection for a given C/No of an interrogator thereby
demonstrating an improvement in SNR of 28.06 dB. This
represents 18.06 dB due to correlation operation wherein a
length 64 electronic product code (“EPC”) code was used,
plus an additional 10 dB due to non-coherent averaging. A
purpose of the correlation operation is to determine whether
or not the output or averaged output of the interrogator rep-
resents a presence of an RFID tag. A threshold detector as
herein described then interprets a correlation signal from the
correlation subsystem and provides a decision if the output is
of sufficient quality to indicate if an RFID tag is present or not
and, if indeterminate, to perform a “deeper” or more
“focused” search.

Turning now to FIG. 37, illustrated is a waveform diagram
demonstrating the sidelobes associated with the correlation
subsystem in accordance with the principles of the present
invention. Understanding the nature of the sidelobes and
using their characteristics within a predetecting function can
enhance the correlation subsystem of the interrogator. As
illustrated, the correlation includes a major peak 3710 (re-
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ferred to as “prompt”) and two smaller peaks (generally
referred to as “early” 3715 and “late” 3720) about the major
peak. By averaging the noise in the early and late regions and
comparing those values to noise levels recorded when it was
known that no signal was present, additional confirmation is
obtained that, in fact, an RFID tag is responding even if the
RFID tag is not uniquely identifiable in a single response at
the present signal levels. Then, by averaging multiple
responses that correspond to RFID tag responses, the SNR
will be raised to a level wherein substantially unambiguous
detection occurs.

In this instance, the reply code of an RFID tag is not being
detected, but the interrogator is detecting a change in ambient
noise that substantially increases the probability thatan RFID
tag is indeed present. For example, sampling in all three
regions and having the noise level be the same is a good
indication that an RFID tag is not present and therefore that
the sample should be discarded. However, sampling in all
three areas and finding that the early and late levels are about
equal and the middle level is larger is a good indication that a
response from an RFID tag is in fact present and that this
sample should be added into the averaging function. Clearly
discarding samples that do not pass the early/late noise test
will certainly discard data of actual RFID tags. That is a small
price to pay, however, for not unduly corrupting the average
with samples that do not in fact contain a reply code from an
RFID tag. Sampling for slightly longer times compensates for
the reduction in samples used. The control and processing
subsystem can maintain a running total of how many samples
were discarded so that the number of samples averaged will
remain valid.

Regarding the timing of the responses from the RFID tag,
a tracking of the reply codes may suggest that the reply code
is early, prompt or late. If the tracking suggests that the reply
code is prompt (prompt output greater than early and late
output), then a gating function is properly aligned to provide
asignificant correlator output. Ifthe tracking suggests that the
reply code is early, then the early correlator output is signifi-
cant as compared to the late correlator output and the corre-
lation subsystem is tracking too early and the requisite adjust-
ment may be performed. An opposite adjustment may be
performed if the tracking suggests that the reply code is late.

Another approach is to use a tracking loop that uses past
successful detection performance to establish a gating pro-
cess for subsequent correlations. In yet another embodiment
relating to the correlation of the reply codes from the RFID
tags, FFTs are performed on both the reference code and a
gated sample of the reply codes from the RFID tags. Then, a
convolution operation in “Fourier Space” may be performed
employing the convolution theorem. The convolution theo-
rem states that the convolution of two functions is the product
of'the Fourier transforms thereof. An output of the correlation
operation is typically envelope detected and several outputs
may be averaged in a summing operation that preserves time
characteristics of each individual detection.

Turning now to FIG. 38, illustrated is a block diagram of
portions of an embodiment of a control and processing sub-
system of an interrogator constructed according to the prin-
ciples of the present invention. The correlation subsystem of
the control and processing subsystem correlates using mul-
tiple “a” values and then selects a correlation signal yielding
the largest correlation value. The resultant is then run through
an initial constant false alarm rate (“CFAR”) subsystem
whose principle function is to decide whether an RFID tag of
an RFID object has fired. Secondarily, it is advantageous to
filter out burst interference signals from the correlation sig-
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nals. The correlation signals that pass the initial detection
(“D-CFAR”) subsystem then enter a decision subsystem.

The next step is to align the correlation signals so the
maximum response lag is at lag 0. An automatic gain control
(“AGC”) correction is also applied wherein the signal is nor-
malized to have a peak power of one (at lag 0) and then the
other lags are normalized by the same constant. This has the
effect of making the correlation signals have the same weight
in the subsequent steps.

The correlation signals are then envelope detected when
employing noncoherent multiple tag response integration.
The result is passed into an array of low pass filters (“LPF”).
Finally, the LPF filter outputs are fed into a final detection
CFAR (“D-CFAR”) subsystem that makes the final decision
as to whether the RFID tag is present and an identification
CFAR (“I-CFAR”) subsystem that decides if the right RFID
tag is present, given a detection from the final D-CFAR sub-
system.

Turning now to FIG. 39, illustrated is a waveform diagram
demonstrating an application of a cell averaging constant
false alarm rate with an interrogator according to the prin-
ciples of the present invention. More particularly, the wave-
form diagram demonstrates an application of a cell averaging
CFAR to RFID detection wherein an analog to digital sample
timing is setup to produce 16 samples per bit. The temporal
sidelobe structure seen is a consequence of the frequency shift
keying (“FSK”) backscatter modulation used in autolD tags.
Absent a strong correlation response, the central spike will
not be seen.

A basic idea of the cell averaging CFAR is to average
responses at lag values of {-64,-48 -32,-16, 32,48, 64} with
respect to the central 0 lag point and use this as a threshold for
testing the central lag for signal presence. In CFAR parlance,
the central cell is called the cell under test (“CUT”). The
average of the cells used to obtain the threshold is called the
cell average (“CA”).

Turning now to FIG. 40, illustrated is a waveform diagram
of'a cell under test to a cell average ratio as a function ofa cell
under test lag using an unfiltered reference in accordance with
aconstant false alarm rate in accordance with the principles of
the present invention. Clearly, the ratio increases in the neigh-
borhood of the central peak. The big ears at -6 & 8 lags are an
artifact of the test signal used being unfiltered and will tend to
disappear with real signals. The above D-CFAR subsystem
decides whether an RFID tag is present.

Turning now to FIG. 41, illustrated is a waveform diagram
of'a cell under test to a cell average ratio for another constant
false alarm rate in accordance with the principles of the
present invention. In the illustrated embodiment, the current
average lags are {-56, =40, -24, -8,8,24,40,56}. These lags
yield small correlation values when the signal is present and
so act more like a noise level reference. Again, this D-CFAR
subsystem decides whether an RFID tag is present.

With continuing reference to FIG. 38, as gain is made
larger; the threshold is higher and thus the noise is rejected
more effectively. This lowers the probability of false alarm,
but it also lowers probability of detection in the presence of
the desired signal. The initial D-CFAR subsystem has a gain
setup so that the correlation signal passes, even if it is pretty
weak, but at the cost of increased false alarm rates. Occasion-
ally, the correlation signal will pass in noise. The final
D-CFAR subsystem has had the benefit of some filtering from
the LPF array and so has its gain value tuned to a larger value
so as to have a low false alarm rate. When it declares a
detection, the I-CFAR subsystem declares the right RFID tag.

As mentioned above, a corner turning memory is an impor-
tant element in building up SNR for weak signal detection
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purposes. Once the corner turning memory is filled, an inte-
grate and dump “filter” averages the contents of each column
of the corner turning memory and the resultant vector is
presented to a CFAR subsystem for a detection decision as
described above. FIG. 42 illustrates an integrate and dump
filter and its statistical properties. In the alternative, the inte-
grate & dump filter can be replaced by a low pass filter as
illustrated with respect to FIG. 43. The “1-A” multiplication
provides a filter with unity DC gain.

From a noise perspective, the two approaches are statisti-
cally equivalent if:

N-1
A=
N+1
and
N Equivalent A

1 0.000000
3 0.500000
10 0.818182
30 0.935484
100 0.980198

The low pass filter approach has the advantage that it weights
more recent samples more heavily and gradually “forgets”
about the older samples. To see this aspect, note how once a
sample is inside the filter it re-circulates around the loop, each
time being multiplied by A. After K iterations, the input value
has been attenuated by a factor A

As a corollary to this, the low pass filter also has a charging
time, prior to which, insufficient averaging has taken place.
FIG. 44 illustrates low pass filter transient responses for three
different “N” values. As N increases, the filter becomes more
sluggish in its response because it is, in effect, averaging more
samples. As a rule of thumb, the filter should be charged with
N samples before accepting its output as valid.

Inasmuch as the interrogator may be moving when detect-
ing an RFID tag of an RFID object, multiple time constant
filters may be employed to advantage. The short time constant
filters (small N) would have faster response, but less sensitiv-
ity, while longer time constant filters (larger N) would
respond slowly to weak RFID tag responses, but would even-
tually respond. Each bank of filters (e.g., three banks having
atime constant) would be followed by a CFAR subsystem and
should provide a unique output to an operator.

Turning now to FIG. 45, illustrated is an embodiment of a
filter structure for supporting multiple channels, with an indi-
cation of how it relates to the D-CFARs and I-CFAR sub-
systems. Of particular note, once alignment has occurred
(see, e.g., alignment and AGC correction in FIG. 38), extra-
neous cells that do not contribute to the decision process may
bediscarded. Also, the lag structure is based on a presumption
that the analog to digital sample rates are tied to nominal 16
samples per data bit. Again, it is preferable that the filter first
be charged with N samples before using its output to drive the
CFAR subsystems. If throughput is an issue, the inputs of the
low pass filters can be operated in series with decimation and
yield essentially the same performance. Similarly, the
medium and slow channel CFAR subsystems may not be run
every time a correlation signal passes the initial CFAR tests.
Now that exemplary control and processing systems and sub-
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systems and interrogation systems have been introduced,
various systems and methodologies will be introduced to
enhance a sensitivity of the interrogator and the interrogation
systems.

It would be advantageous to the interrogation system to
increase the effective reading range in free space, and
increase the ability to read RFID tags of an RFID object when
an attenuating object is interposed between the RFID tag and
the interrogator, of both passive and semi-active RFID tags,
by an approach to power management of the transmitted
signals from the interrogator. The system of power manage-
ment works with all interrogators, and is especially effective
when used in conjunction with interrogators employing cor-
relators or correlation subsystems.

As an example, an interrogator can control the transmitted
RF signal such that the amplitude of the signal may be varied
under control of the interrogator. The interrogator may
increase the amplitude of any or all portions of the RFID tag
interrogation sequence to deliver increased energy to the
RFID tag to control the amount of energy delivered to the
RFID tag before interrogation (e.g., allowing the RFID tag to
store energy to be used during its response, also called “pre-
charging”), during interrogation, or during the RFID tag’s
response to interrogation. In so doing, the interrogator
increases (e.g., maximizes) RFID tag detectability while at
the same time reducing (e.g., minimizing) the average ampli-
tude of radiated energy.

In another aspect, an interrogator increases the time of
unmodulated (also known as “continuous wave”) signal used
to provide the energy to initially activate the RFID tag from
the minimum specified by standards applicable to the specific
class of RFID tag being used. Current industry practice is to
reduce the period of continuous wave transmission to near the
minimum required for standards compliance in order to
facilitate the rapid reading of RFID tags. The ability to extend
the duration of the initial continuous wave period allows more
time for the RFID tag to accumulate energy for activation and
backscatter response. Additionally, an initial pilot tone return
of the RFID tag can also be detected and aid in locating the
presence of an RFID tag in weak signal conditions as pro-
vided above, even if the response is too weak to be completed
or detected.

In another aspect, an interrogator allows precharging of the
RFID tag to occur by sending a sequence of messages, with
no intervening time delay, to which the RFID tag cannot
respond, followed immediately by an interrogation command
(e.g., a single interrogation command). The initial sequence
of messages will result in a relatively long period in which
energy is presented to the RFID tag while the RFID tag is not
required to expend energy to respond, resulting in energy
accumulation within the RFID tag. The single interrogation
command that follows causes the RFID tag to expend the
energy in a single response.

Thus, the interrogator is managing power in an intelligent
way in order to get more performance out of the interrogation
system while still maintaining full standards compatibility
with whatever type of RFID tag is used and while still being
fully compliant with any and all maximum transmit power
specifications so long as those specifications are defined over
times that are long with respect to a single interrogation/reply
sequence. For a better understanding of RFID tags, see “Tech-
nical Report 860 MHz-930 MHz Class I Radio Frequency
Identification Tag Radio Frequency & Logical Communica-
tion Interface Specification Candidate Recommendation,”
Version 1.0.1, November 2002, promulgated by the Auto-1D
Center, Massachusetts Institute of Technology, 77 Massachu-
setts Avenue, Bldg 3-449, Cambridge, Mass. 02139-4307,
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and “EPC Radio-Frequency Identity Protocols Class-1 Gen-
eration 2-2 UHF RFID Protocol for Communications at 860-
960 MHz,” Version 1.09, January 2005, promulgated by EPC-
global Inc., Princeton Pike Corporate Center, 1009 Lenox
Drive, Suite 202, Lawrenceville, N.J. 08648, which are incor-
porated herein by reference.

A protocol independent interrogation system (e.g. an RFID
interrogation system) is described that includes at least one
RFID excitation source, typically embodied in a transmit
function, and a corresponding RFID receive function. The
transmit and receive functions may be employed in an inter-
rogator that includes control and processing subsystems and
sensing subsystems embodied in a software defined architec-
ture wherein a significant portion of the signal processing is
done in the digital domain after an incoming signal plus any
associated noise has been appropriately digitized. The inter-
rogator can deliver power to the RFID tag to permit the RFID
tag to fully or partially respond to excitation under conditions
ofattenuation ofthe transmitter signal that preclude operation
of'presently available readers. This enhanced ability to excite
the RFID tag has applications in both extending the useful
detection range for RFID tags in free space, and in detecting
RFID tags when signal attenuating objects are present
between the RFID tag and the interrogator.

Turning now to FIGS. 46 and 47, illustrated are diagrams of
an interrogation sequence in accordance with an interrogator.
The interrogation sequence contains a period in which no
energy is transmitted (designated “RF OFF”), followed by a
period in which an unmodulated or continuous wave message
(“CW?) is transmitted (designated “CW Period”), followed
by known message patterns wherein modulation is added for
use by areceiving RFID tag to first synchronize a clock of the
RFID tag with the interrogator (designated “Data Modula-
tion”), followed by the message content and message integ-
rity control information (e.g., checksums or cyclic redun-
dancy check codes, designated “Setup Phase™). Upon
completion of the transmitted command, the interrogator
continues to send continuous wave energy as an unmodulated
CW message (designated “Unmodulated CW?”). It is this
energy that is then modulated via impedance matching/mis-
matching (also known as “backscatter””) by the RFID tag. The
interrogator then detects this modulated energy, and decodes
the information sent by the RFID tag.

The duration of the initial no-transmission and continuous
wave periods (collectively known as the “preamble”) each
typically have minimum durations defined by applicable
standards. Due to the requirements mentioned above of typi-
cally being able to read an RFID tag as quickly as possible,
and also of reading as many RFID tags within a given time
period as possible, current commercial practice is to maintain
both the no-transmission and continuous wave periods near
the minimums specified by the standards. The interrogation
system as provided herein may make use of increasing the
aforementioned time periods to achieve greater sensitivity in
detecting the presence of RFID tags.

As illustrated in FIG. 47, an interrogator is attempting to
detect a passive (no onboard power) RFID tag. The region
designated “RF Energy” illustrates that portion of the time-
line when RF energy is being transmitted by the interrogator.
Often a situation exists when significant signal attenuation
may exist between the interrogator and the RFID tag so that
the energy necessary to activate the RFID tag is insufficient or
the energy reflected back to the interrogator is beyond the
sensitivity thereof causing an RFID tag to be undetected. This
attenuation may be due to a large distance in free space
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between the interrogator and the RFID tag, or may be due to
an adverse environment providing significant attenuating
characteristics.

In either case, under these conditions, the total energy
received by the RFID tag during the continuous wave mes-
sage period (designated “CW Period”) of the preamble may
be insufficient to adequately charge the RFID tag and allow
the RFID tag to even begin to operate or, correspondingly, the
RFID tag may have sufficient energy to begin operation, but
be unable to complete its transmission because of insufficient
energy. Experience with RFID tags has determined that
energy requirements necessary to modulate the signal, by
impedance matching/mismatching, are relatively high as
compared to the energy requirements for the RFID tag’s
onboard processor to operate. Thus, there exists a range of
conditions in which sufficient energy is available for the
RFID tag to begin transmission, but not complete the trans-
mission and fully respond during the unmodulated CW
period (designated “Unmodulated CW). The result is system
failure as regards to detecting and identifying that RFID tag.

Turning now to FIG. 48, illustrated is an embodiment of an
interrogation sequence in accordance with an interrogator
constructed according to the principles of the present inven-
tion, which will increase the energy available to the RFID tag
via a method referred to as “precharging.” In this case, the
period of the continuous wave message (designated “CW
Period”) in the preamble has been extended as compared to
the interval used in current commercial practices. For
example, the period of the continuous wave message may be
extended by at least one millisecond. Based upon experience
with RFID tags, it has been observed that the RFID tags
exhibit the ability to accumulate energy over a period of time.
The interrogation sequence shown extends the period of con-
tinuous wave transmission, allowing additional time for the
RFID tag to accumulate enough energy to power itself, begin
transmission and possibly to complete the transmission. As
described earlier, even a partial transmission may be useful in
some instances.

Additionally, as illustrated in FIG. 48, the average ampli-
tude also varies with time with the periods representing the
continuous wave message (designated “CW Period”), the
data modulation message (designated “Data Modulation™)
and the setup phase message (designated “Setup Phase™)
having a larger average amplitude (designated “A1”) than the
period representing the unmodulated CW period (designated
“Unmodulated CW”) with an average amplitude (designated
“A2”). In so doing, additional energy is incident on the RFID
tag, increasing the likelihood of the RFID tag having
adequate energy to decode the modulated data from an inter-
rogator and then respond during the period associated with
the unmodulated CW message. By reducing the power, the
average power over the entire process is also reduced. An
interrogator such as that described in the 450 Publication due
to its increased sensitivity would be able to read the modu-
lated reflected energy from the RFID tag during the interro-
gator’s unmodulated CW transmission. This regime is, by
definition, of relatively short duration, thereby allowing the
interrogator to comply with aggregate power emission limi-
tations.

Alternatively, it is not necessary to reduce the power and
maintain the increased level throughout the entire process.
Additional embodiments consisting of various other combi-
nations of high and low power periods to augment RFID tag
precharging while maintaining low average power are com-
prehended within the context of this invention.

Yet another embodiment for precharge capability accord-
ing to the principles of the present invention is to send, as
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rapidly as possible, a series of messages within the interro-
gation sequence that the RFID tag cannot respond to, fol-
lowed immediately by an interrogation command. This
method results in a situation wherein the RFID tag has an
extended opportunity to accumulate energy prior to being
required to transmit, although it is not as effective as the
extended continuous wave method described above due to the
periods of no transmission contained within the preambles on
each of the individual messages. The advantage of this
method is that it is easily implemented on many existing
interrogators.

Thus, a sensing subsystem of the interrogator transmits an
unmodulated continuous wave message and detects a modu-
lated version of the continuous wave message from the RFID
tag. A control and processing subsystem of the interrogator
discerns a presence of the RFID tag from the modulated
version of the continuous wave message and decodes infor-
mation from the RFID tag. The sensing subsystem is config-
ured to vary instantaneous power of an excitation signal to an
RFID tag to vary an energy incident on the RFID tag. The
control and processing subsystem is configured to control the
sensing subsystem to vary the instantaneous power as a func-
tion of time periods within an interrogation cycle or sequence
and to maintain an average power thereof below a predeter-
mined value. There may be a series of actions wherein the
interrogator energizes the RFID tag and receives a response
therefrom in a single interrogation. There also may be a series
of actions wherein the interrogator modulates and unmodu-
lates a signal to the RFID tag before getting a response there-
from or a period of time wherein no RF energy is transmitted,
then the RFID tag is charged, followed by a command from
the interrogator to setup and listen.

For a better understanding of communication theory and
radio frequency identification communication systems, see
the following references “RFID Handbook,” by Klaus
Finkenzeller, published by John Wiley & Sons, Ltd., 2nd
edition (2003), “Introduction to Spread Spectrum Communi-
cations,” by Roger L. Peterson, et al., Prentice Hall Inc.
(1995), “Modern Communications and Spread Spectrum,” by
George R. Cooper, et al., McGraw-Hill Book Inc. (1986), “An
Introduction to Statistical Communication Theory,” by John
B. Thomas, published by John Wiley & Sons, Ltd. (1995),
“Wireless Communications, Principles and Practice,” by
Theodore S. Rappaport, published by Prentice Hall Inc.
(1996), “The Comprehensive Guide to Wireless Technolo-
gies,” by Lawrence Harte, et al, published by APDG Publish-
ing (1998), “Introduction to Wireless Local Loop,” by Will-
iam Webb, published by Artech Home Publishers (1998),
“Digital Communications,” by John C. Proakis, 3rd Edition,
McGraw-Hill, Inc. (1995), “Antenna Engineering Hand-
book,” by Richard Johnson and Henry Jasik, McGraw-Hill,
Inc. (1992), “Wideband Wireless Digital Communications,”
by Andreas F. Molisch, Pearson Education (2000), and “The
Mobile Communications Handbook,” by Jerry D. Gibson,
published by CRC Press in cooperation with IEEE Press
(1996). For a better understanding of conventional readers,
see the following readers, namely, an “MP9320 UHF Long-
Range Reader” provided by SAMSys Technologies, Inc. of
Ontario, Canada, an “MR-1824 Sentinel-Prox Medium
Range Reader” by Applied Wireless ID of Monsey, N.Y. (see
also U.S. Pat. No. 5,594,384 entitled “Enhanced Peak Detec-
tor,” U.S. Pat. No. 6,377,176 entitled “Metal Compensated
Radio Frequency Identification Reader,” and U.S. Pat. No.
6,307,517 entitled “Metal Compensated Radio Frequency
Identification Reader”), “2100 UAP Reader,” provided by
Intermec Technologies Corporation of Everett, Wash. and
“ALR-9780 Reader,” provided by Alien Technology Corpo-
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ration of Morgan Hill, Calif. The aforementioned references,
and all references herein, are incorporated herein by reference
in their entirety.

Thus, an interrogator, an interrogation system and method
of operating the same have been introduced herein. In an
aspect, the interrogator includes an RFID sensing subsystem
configured to detect an RFID object, and a control and pro-
cessing subsystem configured to control an interrogation
sequence of the RFID sensing subsystem by precharging the
RFID object prior to detecting the RFID object.

The control and processing subsystem can control the
interrogation sequence in many ways. For instance, the con-
trol and processing subsystem may vary an amplitude of a
portion of the interrogation sequence. The control and pro-
cessing subsystem is also configured to extend a duration of a
continuous wave message of the interrogation sequence in
accordance with precharging the RFID object.

In a related aspect, the interrogation sequence includes a
continuous wave message, a data modulation message, a
setup phase message and an unmodulated continuous wave
message. In accordance therewith, the continuous wave mes-
sage, the data modulation message and a setup phase message
may have a first amplitude and the unmodulated continuous
wave message may have a second amplitude.

In another related aspect, the RFID sensing subsystem is
configured to transmit an unmodulated continuous wave mes-
sage and detect a modulated version of the continuous wave
message from the RFID object. In accordance therewith, the
control and processing subsystem is configured to discern a
presence of the RFID object from the modulated version of
the continuous wave message and decode information from
the RFID object.

Further refinements may also be provided to the interroga-
tion systems as introduced herein. For instance, a method is
described to increase the detection sensitivity of an interro-
gator such as described in the ’450 Publication by an
approach dealing with clock frequency errors in the responses
transmitted by RFID tags. Passive and semi-active RFID tags
operate on the principle of an interrogator sending out inter-
rogating signals or an interrogation command by modulating
an RF carrier and then receiving a response from an RFID tag
by having that RFID tag modulate its backscatter character-
istics in a controlled manner. In so doing, a unique modulated
response is sent back to the interrogator where it is detected
and decoded. Due to small size and low cost, interrogation
systems like this are desirable in many applications including
supply chain management, inventory control, and the general
counting of and/or accounting for items in various industries
and market segments.

Recent advancements in interrogators such as disclosed in
the 450 Publication have greatly improved the ability of a
sensitivity of the interrogator for such a passive or semi-active
system’s ability to be able to accurately and reliably receive
and decode a very weak RFID tag to interrogator (also
referred to as “Tag-to-Reader”) signal. However, experience
with commercially-available RFID tags has shown that the
RFID tags sometimes transmit their response to an interroga-
tion using a clock frequency that deviates from that specified
by the interrogator. Correlation-based detectors, such as
described in the ’450 Publication, are acutely sensitive to
deviations from the expected response clock rate and lose
sensitivity when the RFID tag’s response clock rate differs
from the expected rate. Therefore, what is needed is an
improved method for constructing a correlator that is tolerant
of RFID tag response clock frequency variations.

In one aspect, an interrogator constructed according to the
principles of the present invention is able to apply the corre-
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lation and non-coherent integration mechanisms described in
the 450 Publication in situations in which the RFID tag
response to the interrogator does not occur at the clock fre-
quency specified by the interrogator by correlating not only
against a synthetic tag signature with the correct clock, but
also correlating against several synthetic tag signatures with
clock errors approximating typical RFID tag response clock
errors. The results of these parallel correlations are then com-
pared, and the best response is selected. The process of cre-
ating a synthetic tag response signature with a clock slower or
faster than normal is called “signature scaling.”” Use of sig-
nature scaling in the correlation and integration of these pre-
viously unusable RFID tag responses results in a substantial
increase in interrogator sensitivity.

Turning now to FIG. 49, illustrated are waveform diagrams
of'an embodiment of an interrogation sequence from an inter-
rogator, along with two RFID tag response waveforms from
RFID tags designated Tag A and Tag B in accordance with the
principles of the present invention. As part of the interroga-
tion sequence, an interrogator sends a known sequence of
pulses intended to allow the RFID tag to synchronize its
internal clock and thereby transmit its response at the fre-
quency desired by the interrogator (the waveform shows a
portion of a typical timing component of an interrogation
request). The response waveforms for Tag A and Tag B show
that the RFID tags are quiescent, but are receiving the timing
pulses and synchronizing their internal clocks during this
time. In this example, Tag A is assumed to have correctly set
its internal clock by measuring the frequency of the timing
pulses from the interrogator, but Tag B has derived a fre-
quency with an approximate one percent error. Though a one
percent error is not obvious in the first part of this FIGURE, its
consequences are readily revealed later in time.

After transmission of the interrogation sequence, the inter-
rogator enters a mode in which it transmits a continuous wave
at the RFID tag modulation frequency to provide both power
for the RFID tag and a signal that the RFID tag may modulate
via backscattering. The section of the waveform for the inter-
rogation sequence designated 4920 shows this continuous
wave transmission. After an interval specified by the appli-
cable RFID tag technology standard, the RFID tag begins
transmitting its response, again, by modulating (e.g., back-
scattering) the continuous wave being transmitted by the
interrogator. During the initial part of the response, no difter-
ence is discernable at the scale of this drawing between the
response of Tag A as shown at 4925 and Tag B as shown at
4930.

By the end of response transmission, however, a difference
is discernable between the response of Tag A at 4935 and that
of Tag B at 4940. Due to the approximately one percent error
in determining the proper response frequency, the response
from Tag B has taken about one bit-time longer than the
correct response of Tag A. The difference between the correct
end of transmission time, t0, and the incorrect end of trans-
mission time, t1, is the absolute error in the RFID tag response
clock. This value, when divided by the transmission time of
the complete RFID tag response using a correct clock, yields
the clock error ratio.

Experience with RFID tags has shown that the response
clock measurements are inaccurate in a significant percentage
of RFID tag responses. The interrogator described in the *450
Publication provides a significant improvement in detection
of RFID tags by, among other means, using correlation
against a synthetic RFID tag signature. Correlation is acutely
sensitive to clock rate between the synthetic tag signature and
the received tag response, consequently correlation fails or
exhibits decreased sensitivity in those cases in which the
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RFID tag responds at a clock frequency significantly different
than that specified by the interrogator.

Turning now to FIG. 50, illustrated are waveform diagrams
of'an embodiment of an interrogation sequence from an inter-
rogator, response for an RFID tag, and correlation signals
from a correlation subsystem of an interrogator in accordance
with the principles of the present invention employing mul-
tiple correlators. In this embodiment, correlation is attempted
between the synthetic reference code or signal at the expected
clock rate and the received signal, as per the *450 Publication,
but correlation is also attempted between synthetic reference
codes, signals or waveforms generated with clock rates vary-
ing from the expected clock rate. Experience with RFID tags
has shown that response clock frequency errors are bounded,
and that a relatively small number of clock rate variant syn-
thetic waveforms (and consequently a small number of addi-
tional correlations) are advantageous to detect the majority of
RFID tag clocking errors. The response received from an
RFID tag (using a clock rate approximately 0.5 percent slow
in this case) is shown in the received RFID tag response. The
synthetic waveform fast shows a synthetic signature with
approximately a —0.5 percent error. The synthetic waveform
correct shows a synthetic signature with a correct clock, and
the synthetic waveform slow shows a synthetic signature with
approximately a +0.5 percent error. The timing marks desig-
nated 5025 illustrate the relative differences in clock rates.

Per the *450 Publication, the RFID tag response waveform
is correlated against a synthetic waveform at the correct clock
rate, with the result shown at 5030. However, parallel corre-
lations are also performed against synthetic tag signatures
with a slightly fast clock, at 5035, and a slightly slow clock, at
5040. Note that the correlation result from the slow clock
displays a valid correlation triangle, while the correlation
results from the fast and correct synthetic waveforms display
a malformation characteristic of clock errors in which two
temporally separated correlation triangles appear to be over-
laid, forming a characteristic “bat ears” shape. In this case, the
correlation results are examined using methods described in
the 450 Publication, resulting in positive detection despite
the error in the RFID tag’s response.

Thus, a control and processing system or subsystem for an
interrogator, an interrogation system, and a method of veri-
fying a presence of an RFID object has been introduced
herein. In one aspect, the control and processing system
includes a memory configured to store a reference code (e.g.,
a synthetically derived reference code). The control and pro-
cessing system includes a correlation subsystem configured
to correlate the reference code at a first clock rate and a second
clock rate with a reply code from an RFID object and provide
correlation signals therefrom. The correlation subsystem may
include multiple correlators. A decision subsystem of the
control and processing system is configured to verify a pres-
ence of the RFID object as a function of the correlation
signals. Regarding an operation of the control and processing
system, the reference code may be provided during an initial-
ization stage of operation and the reply code may be provided
during a post-initialization stage of operation.

In one aspect, the correlation subsystem is configured to
correlate in a time domain employing an exclusive OR func-
tion or correlate employing a Fast Fourier Transform and a
convolution theorem. In another aspect, the correlation sub-
system includes a correlator configured to correlate at least
two bits of the reference code with at least two bits of the reply
code to derive correlation triangles. A correlation threshold
sense of the correlation subsystem is configured to compare
the correlation triangles to a threshold criteria to derive pulses
to ascertain peaks of the correlation triangles. A summer of
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the correlation subsystem is configured to average a plurality
of pulses from the correlation threshold sense to provide the
correlation signals.

In another aspect, the decision subsystem includes a
threshold detector configured to compare the correlation sig-
nals to a threshold. The decision subsystem is also configured
to verify the presence of the RFID object by employing a
statistical analysis on a result therefrom.

To further refine a sensitivity of an interrogation system, a
method is proposed to detect the presence of an RFID tag
within the interrogation field in cases in which the RFID tag
does not transmit a full response to an interrogation. Radio
frequency identification is one of the fastest growing areas
within the field of automatic identification and data collec-
tion. A reason for the proliferation of RFID systems is that
RFID tags may be affixed to a variety of diverse objects (also
referred to as “RFID objects”) and a presence of the RFID
tags may be detected without actually physically viewing or
contacting the RFID tag. As a result, multiple applications
have been developed for the RFID systems and more are
being developed every day.

The parameters for the applications of the RFID systems
vary widely, but can generally be divided into three signifi-
cant categories. First, an ability to read the RFID tags rapidly.
Another category revolves around an ability to read a signifi-
cant number of the RFID tags simultaneously (or nearly
simultaneously). A third category stems from an ability to
read the RFID tags reliably at increased ranges or under
conditions wherein the radio frequency signals have been
substantially attenuated or distorted, or in environments in
which there is a substantial amount of ambient radio fre-
quency noise or interference occurring within the frequency
range used by the interrogator and tags.

While significant progress has been made in the area of
reading multiple RFID tags almost simultaneously (see, for
instance, U.S. Pat. No. 6,265,962 entitled “Method for
Resolving Signal Collisions Between Multiple RFID Tran-
sponders in a Field,” to Black, et. al., issued Jul. 24, 2001,
which is incorporated herein by reference), there is still sub-
stantial room for significant improvement in the area of read-
ing the RFID tags reliably at increased ranges, or under con-
ditions when the radio frequency signals have been
substantially attenuated, or in environments in which a sub-
stantial amount of ambient radio frequency noise or interfer-
ence exists within the frequency range used by the interroga-
tor and RFID tags. In some environments, the energy
transmitted by the interrogator is attenuated to the extent that
insufficient energy exists for an RFID tag to complete trans-
mission, yet detection of a partial transmission provides
definitive evidence of the presence of an RFID tag in the
interrogation field and, therefore, valuable information in
certain applications. Therefore, what is needed is a method to
reliably detect partial transmissions from RFID tags.

In one aspect, an interrogator constructed according to the
principles of the present invention is able to detect the pres-
ence of an RFID tag within the interrogation field even if the
RFID tag has insufficient power to transmit a complete
response. Experience with RFID tags has shown that the
energy required to activate an RFID tag is relatively low as
compared to the energy required for the RFID tag to back-
scatter energy from the interrogator by switching impedances
onthe RFID tag’s antenna. Thus, in situations wherein energy
from the transmitter is heavily attenuated, an RFID tag may
receive sufficient energy to activate and begin transmitting,
but the act of transmitting soon exhausts all available energy
and the RFID tag deactivates before the transmission is com-
plete. Thus, the partial tag integration capability described in
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the *450 Publication is extended, thereby allowing the inter-
rogator to correlate as little as only the first few bits of the
RFID tag’s response (typically a common value among a
class of RFID tags) against a synthetic signature (see the *450
Publication) and determine, to a high degree of reliability, the
presence of an RFID tag.

Turning now to FIG. 51, illustrated are waveform diagrams
of an embodiment of full RFID tag responses and a partial
RFID tag response in accordance with the principles of the
present invention. As described above, partial RFID tag
responses are common when the interrogator’s signal is
heavily attenuated, resulting in insufficient energy reaching
the RFID tag for a complete response. In such cases, the RFID
tag frequently will begin transmission, only to fail and cease
operating during the transmission due to exhaustion of stored
energy. The full RFID tag response waveform 5105 shows a
complete response from an RFID tag, while the partial RFID
tag response waveform 5110 shows a partial response, in
which the RFID tag had insufficient power to continue trans-
mitting after the 8th bit of the preamble.

In certain situations it is useful to determine if an RFID tag
exists within the interrogation field, even if the RFID tag’s
information cannot be completely read. Using the correlation
method as described in the *450 Publication, it is possible to
correlate against the RFID tag response preamble (e.g., may
include a pilot tone along with a fixed number of bits inde-
pendent of the RFID tag’s identification), which is common
to RFID tags of a specific type. The partial correlation result
when RFID tag present waveform 5115 shows the character-
istic result of correlating the eight bit response in accordance
with the partial tag response waveform 5110 with an eight bit
synthetic tag signature using the methods described in the
’450 Publication. The partial correlation result when no RFID
tag present waveform 5120 shows the results of the same type
of correlation when no RFID tag response was received.
Additionally, it may be advantageous to perform correlation
on the pilot tone wherein the RFID tag modulates the carrier
by a fixed constant frequency for a period of time before
sending any specifically encoded data bits.

Inspection of the results of partial correlation, using tech-
niques measuring, among other factors, symmetry, the mono-
tonicity, and the peak spacing, are sufficient to reliably dif-
ferentiate the two RFID tag response waveforms 5115, 5120
and detect the presence of a partially firing RFID tag to a high
degree of accuracy. Even correlating only an eight bit pre-
amble as illustrated will provide a nine decibel increase in
sensitivity when an RFID tag is present, and substantially
increases the probability that the presence of an RFID tag will
be detected within the interrogation field. Additional detec-
tion enhancement is possible should more or other portions of
the backscatter waveform be available for processing, which
is comprehended by this invention.

Additionally, multiple correlators, as discussed above in
signature scaling, may also be employed to further enhance
the sensitivity of partial tag response detection. This is
because as an RFID tag no longer has adequate energy to
continue proper response to an inquiry, it may nevertheless
continue for several more cycles. The frequency of those last
cycles, however, will likely differ sufficiently from the initial
cycles so that they will not contribute to the gain improvement
due to correlation. Multiple correlators as discussed above in
signature scaling along with the inclusion of additional corr-
elators so as to cover a broader frequency range will capture
those final cycles. Then, because in this instance multiple
responses may exist, systems that combine the responses of
multiple correlators can be used to increase the strength of the
detected response. As an example, the simple noncoherent
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addition of all responses will provide a stronger response. The
simple example above is only meant to illustrate the concepts
of this invention and other methods are certainly possible
using this data, and this invention comprehends them as well.

Systems and methods are introduced to both increase the
detection sensitivity and the discrimination capability of a
correlation-based detector as described in the 450 Publica-
tion by an approach that correlates a received signal against a
synthetic signal containing either only the clock waveform of
the RFID tag, or the data waveform of the RFID tag. As
mentioned above, passive and semi-active RFID tags operate
on the principle of an interrogator sending out interrogating
signals by modulating an RF carrier and then receiving a
response from an RFID tag by having that RFID tag modulate
its backscatter characteristics in a controlled manner. In so
doing, a unique modulated response is sent back to the inter-
rogator or reader to be detected and decoded. Due to their
small size and low cost, systems like this are desirable in
many applications, including supply chain management,
inventory control, and the general counting of and/or account-
ing for items in various industries and market segments.

Additionally, recent advancements in interrogator archi-
tecture such as disclosed in the 450 Publication have greatly
improved the ability of an interrogator’s sensitivity forsuch a
passive or semi-active system’s ability to be able to accurately
and reliably receive and decode a very weak Tag-to-Reader
signal. The attenuation and radio frequency noise/interfer-
ence in some environments may be so severe that attempting
correlation with a synthetic signature for a specific RFID
tag’s informational content may not be feasible due to
decreased sensitivity, and certain applications exist in which
it is valuable to detect the presence of an RFID tag within the
interrogation field even when it is not possible to uniquely
identify that RFID tag through reception of'its complete iden-
tification by the interrogator. Other applications exist in
which it is necessary to distinguish between the signatures of
two RFID tags with substantially identical data contents
under conditions of attenuation and radio frequency noise/
interference. What is needed, therefore, is a system of corre-
lating with a synthetic tag signature that provides a high
detection value for any RFID tag within the interrogator’s
field, and a method of improving discrimination capability for
the RFID tags having substantially identical data values.

In one aspect, an interrogator constructed according to the
principles of the present invention is able to detect the pres-
ence of any RFID tag in the interrogation field, with a single
interrogation command, under conditions in which the com-
plete RFID tag response is unreadable due to attenuation or
radio frequency noise or other interference, by detecting and
correlating on the presence of the clock information signal
that is part of every RFID tag response using correlation
techniques taught in the *450 Publication regardless of infor-
mation content. Two advantages accrue through the use of
this mechanism. First, it provides an efficient method of deter-
mining ifany RFID tag within a specific air interface standard
exists within the interrogation field, regardless of RFID tag
encoding. Second, it provides a method of determining if an
RFID tag exists within the interrogation field even if attenu-
ation or noise or other effects are such that the information
content of the RFID tag response cannot be detected.

In another aspect, an interrogator constructed according to
the principles of the present invention is able to discriminate
between the signals of two RFID tags with substantially iden-
tical data values by detecting and correlating on the presence
of the data component or information of the RFID tag
response using correlation techniques taught in the *450 Pub-
lication. This method provides the advantage of additional
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detection accuracy for situations in which similarly num-
bered RFID tags should be detected to a very high degree of
accuracy.

Turning now to FIG. 52, illustrated are waveform diagrams
of an embodiment for a string of modulated binary zeros
(waveform designated 5205) and for a string of modulated
binary ones (waveform designated 5210) as encoded using
frequency shift keying in accordance with the principles of
the present invention. In this example, a binary zero has a
single zero-crossing, while a binary one has two zero cross-
ings. Providing that there be at least one crossing per binary
data bit ensures that the receiver (e.g., an RFID sensing sub-
system within the interrogator) of this waveform can cor-
rectly decode it. Thus, one of these zero crossings is common
to both zero and one symbols, and functions as an embedded
timing reference, or “clock” for the receiver. Since each sym-
bol has a common transition, regardless of whether a one or
zero is being transmitted, there is a great deal of information
in common between the signals transmitted by two different
RFID tags, even if the data values within a reply code of the
RFID tags themselves are completely different. This charac-
teristic of an RFID tag response encoding can be exploited to
improve both reception sensitivity and reception discrimina-
tion. The waveform designated 5215 shows averaging the
modulated one and zero waveforms above, hereinafter known
as the “clock” waveform.

Turning now to FIG. 53, illustrated are waveform diagrams
of'an embodiment of reference codes or RFID tag signatures
including data and clock signals or information (waveform
designated 5305), clock-only signals or information (wave-
form designated 5310), and data-only signals or information
(waveform designated 5315) in accordance with the prin-
ciples of the present invention. A synthetically derived data
and clock reference code may be used for correlation as in the
’450 Publication and provides a balance between the ability to
detect an RFID tag and the ability to discriminate between
two RFID tags with substantially similar data information.

Correlating with the clock-only information will produce a
positive result if any RFID tag within an entire class of RFID
tags responds, and will produce a usable correlation result
under conditions of attenuation and interference that would
otherwise preclude correlation for a specific RFID tag data
value. Thus, clock-only correlation provides benefits in situ-
ations such as described in the *450 Publication to confirm,
for instance, that no RFID tag exists within the interrogator’s
field, as well as in other similar situations.

Correlating with the data-only information correlates the
received reply code or portion thereof against a signal that has
had the common clock information removed for the reference
code. This has the effect of increasing the difference in cor-
relation results between two RFID tags with similar data
information, since the clock information no longer contrib-
utes to the correlation result. Data-only correlation provides
benefits in situations to discriminate, for instance, between
two or more RIFD tags with similar data information.

A method is proposed to improve the performance of non-
coherent integration correlation based detection systems,
such as described in the *450 Publication, by analyzing the
energy distribution within the correlation results to generate a
probability of detection value that can be used by other sta-
tistical methods to detect or identify RFID tags with a high
degree of certainty. As mentioned above, passive and semi-
active RFID tags operate on the principle of an interrogator
sending out interrogating signals by modulating an RF carrier
and then receiving a response from an RFID tag by having
that RFID tag modulate its backscatter characteristics in a
controlled manner. In so doing, a unique modulated response
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is sent back to the interrogator or reader wherein it is detected
and decoded. Due to their small size and low cost, systems
like this are desirable in many applications including supply
chain management, inventory control, and the general count-
ing of and/or accounting for items in various industries and
market segments.

Thus, an interrogator, an interrogation system, and a
method of verifying a presence of an RFID object has been
introduced herein. In one aspect, the interrogator includes an
RFID sensing subsystem configured to receive a partial
response from an RFID object including a portion of a reply
code. The interrogator also includes a control and processing
subsystem including a correlation subsystem configured to
correlate a portion of a reference code with the portion of the
reply code and provide a correlation signal therefrom. The
control and processing subsystem also includes a decision
subsystem configured to verify a presence of the RFID object
as a function of the correlation signal.

In a related aspect, the portion of the reply code may
include clock or data information and the portion of the ref-
erence code may include synthetically derived clock or data
information. In accordance therewith, the correlation sub-
system is configured to correlate the synthetically derived
clock or data information with the clock or data information
of the reply code and provide a correlation signal therefrom.
Regarding an operation of the interrogator, the reference code
may be provided during an initialization stage of operation
and the portion of the reply code may be provided during a
post-initialization stage of operation.

In one aspect, the correlation subsystem includes multiple
correlators and the correlation subsystem is configured to
correlate in a time domain employing an exclusive OR func-
tion or employing a Fast Fourier Transform and a convolution
theorem. In another aspect, the correlation subsystem
includes a correlator configured to correlate at least two bits
of'the reference code with at least two bits of the reply code to
derive a correlation triangle. A correlation threshold sense of
the correlation subsystem is configured to compare the cor-
relation triangle to a threshold criteria to derive a pulse to
ascertain a peak of the correlation triangle. A summer of the
correlation subsystem is configured to average a plurality of
pulses from the correlation threshold sense to provide the
correlation signal. The correlation subsystem may also be
configured to employ multiple amplitude bits of the portion of
the reference code and the portion of the reply code.

In another aspect, the decision subsystem includes a
threshold detector configured to compare the correlation sig-
nal to a threshold. The decision subsystem may also be con-
figured to verify the presence of the RFID object by employ-
ing a statistical analysis on a result therefrom.

Recent advancements in RFID interrogation architecture
such as disclosed in the 450 Publication have greatly
improved the ability of a sensitivity of the interrogator for
such a passive or semi-active system’s ability to be able to
accurately and reliably receive and decode a very weak Tag-
to-Reader signal. The attenuation and radio frequency noise/
interference in some environments may be so severe that the
results of a single correlation, or a small number of correla-
tions, are inadequate to declare, with a high degree of cer-
tainty, the presence or absence of any RFID tag, or of a
specific RFID tag. What is needed, therefore, is a means for
analyzing the correlation results between a sampled wave-
form and a synthetically derived reference code or signature
and to determine a detection probability that can be used by
other statistical processing mechanisms to detect the presence
of'an RFID tag with a high degree of certainty, or to identify
a specific RFID tag with a high degree of certainty.
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In one aspect, an interrogator constructed according to the
principles of the present invention can detect the presence of
any RFID tag within the interrogation field under highly
attenuative or high ambient radio frequency noise/interfer-
ence conditions by examination of the energy distribution
within the correlation response (see, e.g., the *450 Publica-
tion). Using this method in conjunction with the correlation
and integration methods described in the *450 Publication
allows statistical methods to be used to determine the pres-
ence and/or identity of an RFID tag within the interrogation
field to a high degree of certainty.

In another aspect, an interrogator constructed according to
the principles of the present invention can discriminate
between the responses of RFID tags with similar informa-
tional content within the interrogation field under highly
attenuative or high ambient radio frequency noise/interfer-
ence conditions by examination of the energy distribution
within the correlation response (see, e.g., the *450 Publica-
tion). Using this method in conjunction with the correlation
and integration methods described in the *450 Publication
allows statistical methods to be used to determine the pres-
ence and/or identity of an RFID tag within the interrogation
field to a high degree of certainty.

Turning now to FIG. 54, illustrated is a waveform diagram
of an embodiment of a non-coherently integrated correlation
response for an RFID tag matching a reference code or sig-
nature in accordance with an interrogator constructed accord-
ing to the principles of the present invention. Here two values
are calculated for the correlation response, namely, a “nar-
row-band” signal to noise ratio (“SNR”) and a “wide-band”
signal to noise ratio (“SNR”). Based upon implementation
and application constraints, the correlation response is parti-
tioned into two parts, namely, data in the two end areas
(designated “Narrow”) and the data in the center (designated
“Wide”). The data in the end areas of the correlation response
are referred to as the “narrow-band” SNR values, and the data
in the center of the waveform are referred to as the “wide-
band” SNR values. The narrow-band SNR is the ratio of the
peak value within the narrow-band area to the average value
within the narrow-band area, using absolute values.

SNR,, qyrony=I0181TO0W .../ INATTOW|

Similarly, the wide-band SNR is the ratio of the peak value
within the wide-band area to the average value within the
wide-band area, using absolute values.

SNR,,;q.=Iwidel,,.,/Iwidel.

Turning now to FIG. 55, illustrated are waveform diagrams
of an embodiment of a non-coherently integrated correlation
response for an RFID tag that matches a reference code or
signature (waveform designated 5505), for an RFID tag with
a similar reply code to the reference code (waveform desig-
nated 5510), and for no RFID tag present (waveform desig-
nated 5515) in accordance with an interrogator constructed
according to the principles of the present invention. Note that
on the waveforms a significant portion of the correlation data
(the “correlation triangle™) is split between the two ends of the
waveform, while the information ofleast interest occupies the
center of the waveform. Thus, on the good correlation results,
the waveform 5505 for the RFID tag shows significant results
of the correlation at ends (designated 5520, 5540) thereof,
and the least significant information is at the center (desig-
nated 5530) thereof.

The waveform 5510 for the RFID tag with a similar reply
code to the reference code demonstrates about a three decibel
difference from the RFID tag in the waveform 5505. Note that
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the magnitude of the peaks at the ends of the waveform is
significantly smaller than that in the waveform 5505. Not as
obvious is the fact that the average of the peaks in the center
portion of the waveform is higher than the same average for
the waveform 5505. The waveform 5515, where no RFID tag
is present, provides a more extreme case.

Comparison of narrow-band SNR values to wide-band
SNR values provides an indication of the quality of the match,
with greater difference between the narrow-band SNR and
wide-band SNR indicating a stronger match to the reference
waveform. This information is then suitable for use with
statistical analysis methods using multiple samples to deter-
mine the presence and/or identity of an RFID tag.

Thus, a control and processing system or subsystem for an
interrogator, an interrogation system, and a method of veri-
fying a presence of an RFID object has been introduced
herein. In one aspect, the control and processing system
includes a memory configured to store a reference code (e.g.,
a synthetically derived reference code). In one aspect, the
control and processing system includes a correlation sub-
system configured to correlate the reference code with a reply
code from an RFID object and provide a correlation signal
therefrom. The correlation signal includes a narrow-band
area having a narrow-band SNR value and a wide-band area
having a wide-band SNR value. The control and processing
system also includes a decision subsystem configured to
verify a presence of the RFID object as a function of the
correlation signal wherein a probability of a match between
the reference code and the reply code increases with a greater
difference between the narrow-band SNR value and the wide-
band SNR value. Regarding an operation of the control and
processing system, the reference code may be provided dur-
ing an initialization stage of operation and the reply code may
be provided during a post-initialization stage of operation.

In arelated aspect, the narrow-band SNR value is a ratio of
an absolute value of a peak value within the narrow-band area
to an absolute value of an average value within the narrow-
band area. The wide-band SNR value is a ratio of an absolute
value of a peak value within the wide-band area to an absolute
value of an average value within the wide-band area. Also, the
narrow-band area is typically located proximate an end of the
correlation signal and the wide-band area is typically located
proximate a center of the correlation signal.

In one aspect, the correlation subsystem includes multiple
correlators and the correlation subsystem is configured to
correlate in a time domain employing an exclusive OR func-
tion or correlate employing a Fast Fourier Transform and a
convolution theorem. In another aspect, the correlation sub-
system includes a correlator configured to correlate at least
two bits of the reference code with at least two bits of the reply
code to derive correlation triangles. A correlation threshold
sense of the correlation subsystem is configured to compare
the correlation triangles to a threshold criteria to derive pulses
to ascertain peaks of the correlation triangles. A summer of
the correlation subsystem is configured to average a plurality
of pulses from the correlation threshold sense to provide the
correlation signals.

In another aspect, the decision subsystem includes a
threshold detector configured to compare the correlation sig-
nal to a threshold. The decision subsystem may also be con-
figured to verify the presence of the RFID object by employ-
ing a statistical analysis on a result therefrom.

A method is proposed to improve the RFID tag detection
capabilities of the non-coherent integration correlation sys-
tem described in the 450 Publication under conditions of
signal attenuation or radio frequency noise and interference
so severe that a single or small number of interrogations will



US 7,755,491 B2

39

not produce the level of accuracy required to declare an RFID
tag present or absent within the interrogation field. As men-
tioned above, passive and semi-active RFID tags operate on
the principle of an interrogator sending out interrogating sig-
nals by modulating an RF carrier and then receiving a
response from an RFID tag by having that RFID tag modulate
its backscatter characteristics in a controlled manner. In so
doing, a unique modulated response is sent back to the inter-
rogator or reader wherein it is detected and decoded. Due to
their small size and low cost, systems like this are desirable in
many applications including supply chain management,
inventory control, and the general counting of and/or account-
ing for items in various industries and market segments.

Recent advancements in RFID interrogation architecture
such as disclosed in the ’450 Publication have greatly
improved the ability of a sensitivity of the interrogator for
such a passive or semi-active system’s ability to be able to
accurately and reliably receive and decode a very weak Tag-
to-Reader signal. The attenuation and radio frequency noise/
interference in some environments may be so severe that the
results of a single correlation, or a small number of correla-
tions, are inadequate to declare, with a high degree of cer-
tainty, the presence or absence of any RFID tag, or of a
specific RFID tag. What is needed, therefore, is a method to
process the results of many probabilistic results and obtain an
indication of the presence or absence of an RFID tag within
the interrogator’s field, or to identify a specific RFID tag, with
a defined degree of certainty.

In one aspect, an interrogator constructed according to the
principles of the present invention can accumulate the results
for samples that show an RFID tag “possibly present,” and
test the accumulated value against an empirically derived
threshold. In order to prevent unbounded accumulation of
“possibly present” samples, the accumulation method decre-
ments or decays the accumulated value based upon the raw
number of samples examined. It is only when the accumu-
lated value exceeds a constant that the RFID tag is declared
present. The decay constant and detection threshold constant
may be selected to trade accuracy against sensitivity. Prefer-
ably, a minimum number of samples are employed before a
result can be declared.

Turning to FIGS. 56 and 57, illustrated are flow diagrams
of embodiments of methods of operating an interrogation
system according to the principles of the present invention.
Here, a waveform sample is obtained and analyzed using a
method that produces a statistically significant, but not defini-
tive indication of RFID tag presence, expressed as a result
dimensionless number in a step 5605. This number is then
used as an input to a process as set forth below. The method
first “decays” or decrements the existing value of the result
accumulator by an amount known as the “decay constant” in
a step 5610, then adds the result number to the result accu-
mulator in a step 5615. The new value of the result accumu-
lator is tested to see if it exceeds the constant “detection
threshold” in a step 5620. If it does, detection is reported in a
step 5630, otherwise, no detection is reported in a step 5625.

In another embodiment illustrated with respect to FIG. 57,
the method described in FIG. 56 is modified to ensure that a
minimum number of samples are considered prior to declar-
ing detection. A “sample counter” indicating the number of
samples included in the accumulated result is incremented in
a step 5705. When the result accumulator exceeds the detec-
tion threshold, an additional test is performed to ensure the
minimum number of samples has been reached in a step 5710
prior to declaring detection.

Additionally, combining the concepts discussed above can
create systems with greatly enhanced overall detection capa-
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bilities and with capabilities greater than any of the above
concepts when considered individually. This enhanced capa-
bility is referred to as deep scan. As an example, combining
the teachings of the *450 Publication with, for instance, the
power management and partial RFID tag response detection
can provide a deep scan system. Of course, other concepts
may also be combined with the deep scan system to further
enhance detection sensitivity.

The present invention is directed, in general, to communi-
cation systems and, more specifically, to an identification
system for a metal instrument and an interrogation system
employing the same. In accordance therewith, the present
invention provides a metal instrument including an RFID
chip and a coupler configured to couple the RFID chip to the
metal instrument to allow the metal instrument to serve as an
antenna therefor. The metal instrument may also include an
insulator and strap, and an inductive loop. The metal instru-
ment may also include a depression for the RFID chip and
coupler, and protected by an encapsulant. The metal instru-
ment may be a medical instrument and the RFID chip may
include information associated with the metal instrument.

Turning now to FIGS. 58 and 59, illustrated are diagrams of
embodiments of an RFID tag according to the principles of
the present invention. The RFID tag includes an outer cover-
ing or encapsulant 5805 that protects the tag from the envi-
ronment. Also, the RFID tag includes an antenna 5810 that
receives signals from an interrogator, and in the case of a
passive tag responds to the interrogator by matching and
mismatching the same antenna. Central to the RFID tag is an
assembly that contains the active semiconductor element.
Regarding FIG. 59, the assembly is shown in greater detail
including a supportive element (often called a strap) 5920
upon which an RFID chip 5930 is placed. Conductive ele-
ments 5925 perform the electrical connection. This is but one
example of an RFID tag, and other architectures may be
employed as well.

Turning now to FIG. 60, illustrated are pictorial represen-
tations of metal instruments (e.g., medical instruments)
employable with the interrogation system of the present
invention. It can be seen that the medical instruments are of
various sizes and shapes, but in this case, made principally of
metal.

Turning now to FIGS. 61 and 62, illustrated are top and side
views of an embodiment of a metal instrument including an
RFID tag according to the principles of the present invention.
The RFID tag includes an RFID chip mounted on a strap and
placed on an insulator on to which are placed (by printing or
other means) inductive loops, all of which are attached to a
metal foundation ofthe metal instrument. The inductive loops
may function as near field elements. The inductive loops may
act as electromagnetic launching elements for launching
energy into and from the metal foundation of the metal instru-
ment so that the metal foundation itself becomes the antenna
or a portion thereof. In those instances wherein the metal
foundation is used as at least a portion of the antenna, a
coupler, acting as an impedance transformer, may be neces-
sary to more efficiently get the RFID energy into and out of
the RFID chip. The subassembly including the coupler may
also be bonded onto the surface of the metal foundation. A
depression 6115 within the metal foundation may also be
provided whereby the subassembly is placed and then cov-
ered with a suitable packaging such as a dielectric material
and/or encapsulant for protection.

Turing now to FIG. 63, illustrated is a side view of an
embodiment of a metal instrument including an RFID tag
according to the principles of the present invention. The RFID
tag includes an RFID chip 6305 and a strap 6310 along with
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an antenna 6315 mounted within a cavity 6320 hollowed out
from a long portion of a metal foundation 6325 of the metal
instrument. The RFID tag may be suspended within the cavity
6320 by an insulator or dielectric material 6330 so as to form
a sufficient distance from the metal foundation 6325 of the
metal instrument so as to allow proper electromagnetic field
launch. The cavity 6320 is then filled with dielectric material
or encapsulant (a portion of which is designated 6335) to
protect the RFID tag and may also assist in providing a proper
impedance match. In this embodiment, the cavity 6320 func-
tions as a reflector of the radio frequency energy similar in
manner to a reflector antenna as little or no physical connec-
tion exists between the antenna 6315 and the metal founda-
tion 6325.

Thus, a metal instrument for use with an interrogator and
an interrogation system has been introduced herein. In one
aspect, the metal instrument (e.g., a medical instrument)
includes a metal foundation, an RFID chip, and a coupler
configured to couple the RFID chip to the metal foundation to
allow at least a portion of the metal foundation to serve as an
antenna thereby forming at least a portion of an RFID tag with
the RFID chip. The coupler may be bonded to a surface of the
metal foundation.

In other aspects, the metal instrument includes an insulator
located between the coupler and the metal foundation, and a
strap located between the RFID chip and the coupler. Addi-
tionally, the metal instrument also includes an inductive loop
about the RFID chip located on the insulator coupled to the
RFID chip. The metal instrument also includes a depression
in the metal foundation for the RFID chip and the coupler. The
metal instrument also includes an encapsulant configured to
encapsulate the RFID chip and the coupler. Additionally, the
RFID chip includes information associated with the metal
instrument.

In another aspect, an interrogation system includes a metal
instrument including a metal foundation, an RFID chip, and a
coupler configured to couple the RFID chip to the metal
foundation to allow at least a portion of the metal foundation
to serve as an antenna thereby forming at least a portion of an
RFID tag with the RFID chip. The interrogation system also
includes a sensing subsystem configured to provide a signal
having at least one of a metal signature representing a pres-
ence of the metal foundation and an RFID signature repre-
senting a presence of the RFID tag. The interrogation system
also includes a control and processing subsystem configured
to process the signal to discern a presence of at least one of the
metal foundation and the RFID tag.

In another aspect, the metal instrument (e.g., a medical
instrument) includes a metal foundation with a cavity (e.g.,
hollowed from a long portion of the metal foundation), an
insulator within the cavity, and an RFID tag separated from
the metal foundation within the cavity by the insulator. The
cavity is configured to act as a reflector of radio frequency
energy associated with the RFID tag.

In other aspects, the RFID tag includes an RFID chip and a
strap. Also, the cavity is filled with an encapsulant to protect
the RFID tag or to enhance an impedance match for the RFID
tag. The RFID tag is separated from the metal foundation
within the cavity by a distance to allow an electromagnetic
field launch. Additionally, the RFID chip includes informa-
tion associated with the metal instrument.

In another aspect, an interrogation system includes a metal
instrument including a metal foundation with a cavity, an
insulator within the cavity, and an RFID tag separated from
the metal foundation within the cavity by the insulator. The
cavity is configured to act as a reflector of radio frequency
energy associated with the RFID tag. The interrogation sys-
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tem also includes a sensing subsystem configured to provide
a signal having at least one of a metal signature representing
a presence of the metal foundation and an RFID signature
representing a presence of the RFID tag. The interrogation
system also includes a control and processing subsystem
configured to process the signal to discern a presence of at
least one of the metal foundation and the RFID tag.

Considering surgical procedures, studies have shown that
approximately 76 percent of all items unintentionally
retained within a patient as the result of a procedure are
categorized as surgical sponges. The surgical sponges are all
too often left within the patient, even though the medical staff
exercises extraordinary procedures to prevent this. Medical
emergencies and time pressures provide a fertile environment
for what is still a manual procedure.

Turning now to FIG. 64, illustrated is a pictorial represen-
tation of an exemplary counting system for surgical sponges.
The sponge counter system, essentially a plastic sheet with
pockets and suspended on a pole, is used to separate and count
sponges (one of which is designated “SPONGE”). These
manual systems require active control of the individual(s)
responsible for counting, and are prone to error as blood and
fluid soaked sponges can easily be lumped together and there-
fore appear as a single sponge so that multiple sponges can
erroneously be placed into a single pocket. Finding such an
erroneously placed sponge and correcting the action can take
considerable time as it is not known whether or not the sponge
may still be retained within the patient. Additionally, even
when found, the risk to the patient has been increased as the
time when the surgical opening can be closed must be delayed
until the count is correct. Not finding a sponge that has inad-
vertently been left in a patient during a surgical procedure is
sufficiently common to have been given the clinical name of
gossipyboma. Multiple cases exist within the literature of
gossipyboma causing major suffering, irreparable damage to
the health of the patient, and even including death.

Therefore, what is needed is an accurate enabling system
that provides the means for surgical sponges to be automati-
cally detectable prior to the procedure, during the procedure
when they are intracorporeal, and post procedure when they
are either soiled, or have never been used so that full account-
ability is always accurately maintained. In accordance there-
with, a sponge according to the present invention includes an
RFID tag, special encapsulation for the RFID tag, and a
means to affix the RFID tag to the sponge. Additionally, the
sponge may include a radiopaque object, special encapsula-
tion for the object, and a means to affix the object to the
sponge. The sponge may also include a designator (e.g., sur-
face designation) as set forth herein.

A tagged sponge system is described that includes at least
one surgical sponge, one encapsulated RFID tag, and the
means to permanently affix the RFID tag to the sponge. The
RFID tag provides the means by which the sponge is at all
times detectable when used in conjunction with interrogators.

Turning now to FIGS. 65 to 68, illustrated are pictorial
representations of several types of surgical sponges. These
examples are not meant to be exhaustive, but only serve to
show some of the various types and shapes consistent with a
surgical sponge. The sponge of FIG. 65 is commonly referred
to as a LAP sponge or a 4x4 including several layers of
washed cotton sewn together and typically has a loop 6510
sewn into it. This loop 6510 is permeated with a radiopaque
material, typically barium sulphate. The purpose of this
radiopaque loop 6510 is so that a sponge inadvertently left
within a patient can be discovered through an x-ray proce-
dure. Should an x-ray procedure be necessary to find an errant
sponge, the time to accomplish this is in the range of 15 to 45
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minutes. As operating room time is in the range of $45 to $90
per minute, the expense of requiring such an operation can be
considerable. Additionally, these impregnated loops 6510 are
typically judged to be only about 80 percent effective as a
detection mechanism, so even though great effort and
expense is incurred, the results can still be unacceptable and
even disastrous.

Turning now to FIG. 66, illustrated is another example of a
surgical sponge, often referred to as a RAY-TEC. This sponge
is approximately the same size as the LAP sponge (four
inches square), but contains less cotton material. Addition-
ally, radiopacity is accomplished here via impregnated
threads 6620. Given that loop 6510 is only about 80 percent
effective, the much smaller threads 6620 are therefore
deemed to be less than 80 percent effective, once again indi-
cating a significant problem.

Turning now to FIG. 67, illustrated are examples of what
are often called tonsil sponges 6730. These are spherical in
shape and can be used to separate muscle tissues or organs
and are typically 0.5 inches in diameter. When used in this
manner they can be obstructed (i.e., hidden from view) by that
same muscle tissue or organ. Radiopacity is achieved here by
colored threads 6740, which once again are relatively sparse.

Turning now to FIG. 68, illustrated is another example of a
spherical sponge 6850 referred to as a cherry dissector with
radiopacity threads 6860 that are typically used in manners
similar to the tonsil sponges. All these FIGURE:s illustrate the
need for detectability if left within the patient by the presence
of radiopaque elements, but also show the inadequacy of
current systems.

Turning now to FIG. 69, illustrated are pictorial represen-
tations of RFID tags. These particular tags are UHF EPC Gen
I and Gen 1II passive tags, but they are presented only as
examples and other types of RFID tags may be employed as
well. Both far field RFID tags 6905, 6910 and near field RFID
tags 6920, 6930 are shown along with designs that encompass
both near and far field RFID tag characteristics 6915, 6925.
Specifically referring to RFID tag 6930, the structure includes
a silicon chip 6935 connected to an antenna 6940. The chip
6935 and antenna 6940 along with a structure for holding
same, often referred to as the inlay is what typically consti-
tutes a passive RFID tag. A U.S. quarter 6945 is included as a
reference for the size of these RFID tags.

Turning now to FIGS. 70 to 77, illustrated are diagrams of
embodiments of a sponge in accordance with the principles of
the present invention. A sponge is a reusable or consumable
(or disposable) item that includes at least one layer of material
and may be an absorbent surgical sponge. Beginning with
FIG. 70, an encapsulant 7010 is added to protect an RFID tag
7005 from bodily fluids and other fluids used during a surgical
procedure. The encapsulants used would typically comply
with United States Pharmacopeia (“USP”) Class IV, V, or VI
standards or the standards as specified in ISO 10993 Biologi-
cal Evaluation of Medical Devices to assure safety and bio-
logic compatibility when within a patient. Many sources of
such material exist and examples of companies manufactur-
ing such materials are Master Bond, Dymax Corp., Loctite
(Henkel Technologies), and Fisher-Moore. The RFID tag
7005 is completely encapsulated by the above referenced
material. In some embodiments, encapsulant thickness may
vary beyond that simply employed for RFID tag protection.
Based on the type of RFID tag employed, near field or far
field, the added thickness may be employed to launch the
proper field mode.

Turning now to FIG. 71, illustrated is a diagram of a LAP
sponge 7100 with an encapsulated RFID tag 7105. In this
embodiment, attachment occurs by sewing (designated by a

20

25

30

35

40

45

50

55

60

65

44

seam 7115) the RFID tag 7105 onto the sponge 7100 in the
same area as a radiopaque object (e.g., radiopaque loop) 7120
is attached. The sewing operation is performed on the encap-
sulant portion of the RFID tag 7105 thereby avoiding the
actual antenna and chip areas. As illustrated, the sponge 7100
is formed from multiple layers of absorbent material and the
RFID tag 7105 is located within an interior space of the
sponge 7100. Additionally, FIG. 72 is an illustration of a
RAY-TEC sponge 7225 with an RFID tag 7240 attached
thereto. In this embodiment, attachment occurs by sewing
(designated by a seam 7235) the RFID tag 7240 directly onto
the sponge 7225 and in a region different from radiopaque
threads 7230. As illustrated, the sponge 7225 is formed from
multiple layers of absorbent material and the RFID tag 7240
is located within an interior space of the sponge 7225. Addi-
tionally, ends of the ends of the layers are bound and the
interior space is formed therebetween. In both embodiments
above, the RFID tag was sewn, but this invention compre-
hends embodiments where the RFID tag is affixed in any
manner including bonded by an adhesive agent as well.

As mentioned above, since these sponges consist of mul-
tiple layers, the RFID tags are embedded among and within
an interior space of the layers and may be affixed to an
external layer ofthe sponge. Additionally, this invention com-
prehends an embodiment where the surface of the encapsu-
lant consists of a specified roughness or texture so that it
additionally adheres to the sponge by attaching to individual
fibers in a manner similar to Velcro. Additionally, this inven-
tion comprehends embodiments wherein the RFID tag is
embedded within, or attached directly to, for instance, the
radiopaque loop 7120 of FIG. 71 and thereby attached to the
sponge at the same time as the loop 7120 is so affixed.

Turning now to FIG. 73, illustrated is an embodiment of an
RFID tagged LAP sponge 7305 as described above in FIG. 71
with an encapsulated metal tag 7310 attached to the sponge
7305 by sewing (designated by a seam 7315). The purpose of
the metal tag 7310 is to enhance the radiopacity of the LAP
sponge 7305 forming a radiopaque element in addition to a
radiopaque loop 7320. Additionally, FIG. 74 is an illustration
of'an embodiment of an RFID tagged RAY-TEC sponge 7425
as described above in FIG. 72 with an encapsulated metal tag
7435 attached to the sponge 7425 by sewing (designated by a
seam 7440) also to enhance the radiopacity in addition to
radiopaque threads 7430. In these embodiments, attachment
occurs by sewing the metal tag directly onto the sponges and
in a region proximately close to the areas where the RFID tags
have been attached.

Additionally, this invention comprehends embodiments
where the metal tag is not purely metal, but a metallic com-
pound or some other radiopaque compound. Additionally,
this invention comprehends embodiments wherein the metal
tag is bonded by an adhesive agent as well. Additionally, since
these sponges consist of multiple layers, this invention com-
prehends an embodiment wherein the metal tag is embedded
among and within an interior space of the layers and may be
sewn to an external layer of the sponge. Additionally, this
invention comprehends an embodiment where the surface of
the encapsulant consists of a specified roughness or texture so
that it additionally adheres to the sponge by attaching to
individual fibers in a manner similar to Velcro. Additionally,
this invention comprehends embodiments where the RFID
tag and the metal tag are encapsulated together into a single
module. Additionally, this invention comprehends embodi-
ments where the metal tag is embedded within, or attached to,
aradiopaque loop 7120 of FIG. 71 and thereby attached to the
sponge at the same time as the radiopaque loop 7120 is so
affixed.
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The sponges may also include a designator 7450 as indi-
cated on the RAY-TEC sponge 7425 of FIG. 74. The desig-
nator 7450 may provide a surface designation by use of a
highly visible indicator with a color, shape or pattern that is
non standard (not currently used in the surgical or medical
environment and clearly visible and readily identifiable) and,
from a distance, clearly distinguishes the sponge 7425 as
unique and appropriate. A unique surface color covering a
significant percentage of the surface area of the sponge 7425
may be used (die, colored thread woven into the product, a
sewn band of a unique color). A unique color preferably with
a luminance having a high contrast ratio (e.g., greater than
10:1) may be beneficial. Also, preferably hydrophobic or
liquiphobic colorant or material that maintains its color and
differentiation under the majority of conditions expected in a
healthcare setting would be beneficial. It should also be
understood that an encapsulated RFID or metal tag may also
be designated with a unique color, pattern or properties
described above. The designator 7450 may also have other
designations such as a bar code. The designator 7450 may
also provide an indication beyond an RFID tag or metal tag
that the sponge includes such an RFID tag or metal tag.

Turning now to FIG. 75, illustrated is a front view of an
embodiment of a tagged tonsil sponge or cherry dissector
sponge 7505 including an encapsulated RFID tag 7510 as
described above. Turning now to FIG. 76, illustrated is a front
view of an embodiment of a tagged tonsil sponge or cherry
dissector sponge 7620 including an encapsulated RFID tag
7625 and an encapsulated radiopaque element 7630 as
described above. Turning now to FIG. 77, illustrated is a front
view of an embodiment of a tagged tonsil sponge or cherry
dissector sponge 7740 including an encapsulated RFID tag
7745 and an encapsulated radiopaque element 7750 sur-
rounding the RFID tag 7745. This invention comprehends
embodiments of FIGS. 76 and 77 wherein the RFID tag and
radiopaque element consist of a single module.

Thus, a sponge for use with an interrogator and an interro-
gation system has been introduced herein. In one aspect, the
sponge (e.g., a LAP sponge or a RAY-TEC sponge) includes
first and second layers of absorbent material that forms an
interior space, and an RFID tag affixed (e.g., sewn or bonded
by an adhesive agent) to the absorbent material within the
interior space.

In other aspects, the sponge also includes a radiopaque
object affixed to at least one of the first and second layers of
the absorbent material and the RFID tag is affixed to the
radiopaque object. Additionally, ends of the first and second
layers are bound and the interior space is formed therebe-
tween. The RFID tag includes an RFID chip and an antenna.
The RFID tag is surrounded by an encapsulant and the RFID
tag is affixed to the absorbent material through the encapsu-
lant. The sponge also includes an encapsulated metal tag
affixed through an encapsulant thereof to at least one of the
first and second layers of the absorbent material. The metal
tag may also be encapsulated with the RFID tag in a module
affixed to at least one of the first and second layers of the
absorbent material. The sponge may also include a designator
affixed to at least one of the first and second layers of the
absorbent material that is visible from outside of the interior
space. The designator may be a liquiphobic designator with a
luminance having a high contrast ratio.

In another aspect, the sponge includes at least one layer of
material, an RFID tag affixed (e.g., sewn or bonded by an
adhesive agent) to the material, and a designator (e.g., affixed
to the material) that provides an indication beyond the RFID
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tag that the sponge includes the RFID tag. The designator
may be a liquiphobic designator with a luminance having a
high contrast ratio.

In other aspects the sponge includes a radiopaque object
affixed to the material and the RFID tag is affixed to the
radiopaque object. The RFID tag is surrounded by an encap-
sulant and the RFID tag is affixed to the material through the
encapsulant. The sponge includes an encapsulated metal tag
affixed through an encapsulant thereof to the material. The
metal tag may also be encapsulated with the RFID tag in a
module affixed to the material.

In another aspect, an interrogation system includes a
sponge including at least one layer of material, an RFID tag
affixed to the material, a metal tag affixed to the material, and
a designator that provides an indication beyond the RFID tag
that the sponge includes the RFID tag. The interrogation
system also includes a sensing subsystem configured to pro-
vide a signal having at least one of a metal signature repre-
senting a presence of the metal tag and an RFID signature
representing a presence of the RFID tag. The interrogation
system also includes a control and processing subsystem
configured to process the signal to discern a presence of at
least one of the metal tag and the RFID tag.

The present invention pertains to methods and apparatus
for an improved metal detection assembly or metal interro-
gator including metal sensing systems and subsystems and
the associated control and processing systems and sub-
systems. The design goals of devices of this class of equip-
ment as shown in FIG. 78 may include not only high sensi-
tivity, but also discrimination ability; for example,
maximizing sensitivity to certain classes of target metals,
while maximizing rejection of certain other classes or “back-
ground metal objects” as shown in FIG. 79.

The metal interrogator is a refinement in what is known in
the art as a pulse induction metal detection. An exemplary
embodiment of the metal interrogator includes, among other
things, an antenna array (also referred to as a coil assembly or
coil(s), and antenna(s)), a metal sensing subsystem (including
a transmit pulse generator with a pulse controller, timing
generator and a power driver, and receiver) and a control and
processing subsystem (including a digital signal processor
“DSP”). The antenna array may be a single coil, or multiple
coils with a system of relays connecting a selected coil to the
driver and receiver. As described herein, an antenna array or
coil assembly (designated “Coil Assy”) in FIG. 80 is also
referred to as a coil for the sake of brevity. FIGS. 82 to 85
illustrate examples of single and multiple antenna array con-
figurations. The antenna arrays of FIGS. 82 to 84 illustrate the
use of separate transmit and receive coils. As provided herein,
reference will be made to embodiments that use an N-channel
metal-oxide semiconductor field-eftect transistor (“MOS-
FET”) as the active element in the power driver. Of course,
different types of active devices may also be used if the
polarity of power supplies and if the direction/polarity of
diodes are reversed, or multiple transistors may be used in
parallel, or specific pulse shaping may also be desirable.

Turning now to FIGS. 80 and 81, illustrated are block
diagrams of an embodiment of a metal interrogator con-
structed according to the principles of the present invention.
The metal interrogator includes a control and processing sub-
system (e.g., a digital signal processor (“DSP”)) that through
application of a timing generator of a transmit pulse generator
feeds a control pulse of selected length to a gate terminal of a
switch such as a MOSFET (e.g., an N-channel MOSFET) of
the power driver causing the MOSFET, acting as a switching
element, to turn ON for a short length of time. A direct current
(“DC”) power supply of the power driver with high short-
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term pulse current capability provides pulse energy to be fed
into the magnetic field in the vicinity of the coil assembly. Its
negative terminal is connected to a source terminal of the
N-channel MOSFET, and its positive terminal is connected to
one terminal of the coil assembly. The other terminal of the
coil assembly goes to a drain terminal of the N-channel MOS-
FET, either directly or through a divorcing diode (designated
“Diode”) of the power driver to be described shortly. The
energizing circuit within this embodiment is a loop of three
elements including the power supply, coil assembly, and
N-channel MOSFET, or correspondingly, a loop of four ele-
ments if the divorcing diode is in use, between the drain of the
MOSFET and the coil assembly.

In this embodiment, the non-switched terminal of the coil
assembly is referenced to ground potential, thereby making
the power supply for the coil assembly a negative voltage
supply, and also determines the form of pulse for the gate of
the N-channel MOSFET. Of course, the coil assembly may
not be specifically grounded. The potential for the power
supply of the coil assembly may be, for example, —12 volts or
-24volts. A peak current reached by the end of the energizing
pulse may reach, for example, 5, 10, 30 or 40 amps, and may
be programmed through the choice of the pulse length and
coil inductance. Exemplary pulse lengths are within the range
of 5-40 microseconds.

The divorcing diode (again, designated “Diode”) detects
the effects of a response (e.g., decaying eddy currents) from
the target metal object very early after the MOSFET switch
turns OFF. The diode is selected using criteria of very fast
reverse recovery time, high pulse current carrying capability,
and low reverse capacitance. The cathode of the diode goes to
the drain terminal of the N-channel MOSFET, and the anode
goes to the coil assembly. While the MOSFET is turned ON,
the diode is forward biased, and the large current building in
the coil assembly passes therethrough. When the MOSFET
switch turns OFF, the original current path through the MOS-
FET’s conducting channel region becomes blocked, but
because of the energy now stored in the magnetic field around
the coil assembly, the current in the coil keeps flowing. At
first, the current still flows mostly through the MOSFET.
Even though the MOSFET is now an open switch, it has a
parasitic capacitance on the order of hundreds of picofarads.
The current goes to charge this capacitance, and as a result the
drain voltage rises, perhaps to around +400 volts. Typically, a
high voltage MOSFET is chosen to allow this, because higher
voltages mean the energy comes out of the coil’s magnetic
field faster. The voltage may rise to the point where the
MOSFET’s internal limiting breakdown diode limits the
energy, absorbing much of the coil’s stored energy or, in
another embodiment, an optional auxiliary circuit (not
shown) may be added to limit the peak and absorb some of the
energy, possibly even for re-use.

After a time, perhaps on the order of a microsecond, the
energy in the coil’s magnetic field and its terminal current
reaches zero. This is an important transition toward the goal
of' making the applied pulse energy substantially disappear so
that the tiny amounts of energy in the form of a response from
the target metal object can be detected. However, the energy
decay is not finished yet at this point, because now there are
still substantial (on the order of 400 volts) parasitic and stray
capacitances associated with the coil’s switched terminal,
and this means there is still stored energy. The circuit now
takes on the characteristic of a capacitor-inductor resonator,
capable of storing energy in resonant form, oscillating
between magnetic energy in the coil assembly and electric
field energy in the parasitic capacitance. A common solution
is to have a load resistor placed across the coil terminals,
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chosen according to textbook formulas to approximate what
is called “critical damping.” An active circuit may be
employed in place of the load resistor and actively control the
speed at which energy dissipates.

An advantage of using the divorcing diode approach is that
when the zero-current transition occurs, the diode becomes
reverse-biased and therefore quickly becomes non-conduc-
tive. Instead of having on the order of 1000 picofarads of
MOSFET drain capacitance connected to the coil assembly,
the diode only presents on the order of 20 picofarads. The
selection of the load resistor for the goal of critical damping
should take this smaller value into account; and the result is a
faster exponential decay of the residual energy. Furthermore,
at the instant the diode begins to conduct, most of the residual
energy in the system becomes isolated within the parasitic
capacitance of the MOSFET, wherein it is trapped until the
end of the detection cycle. The receiver includes a protective
clamping circuit followed by an amplifier and, optionally, a
logarithmic converter. The results are fed to an analog-to-
digital converter (“ADC”) and converted to sampled numeri-
cal waveforms for processing.

Turning now to FIG. 90, illustrated is a functional block
diagram of portions of an embodiment of a metal interrogator
constructed according to the principles of the present inven-
tion. An antenna array 9000 includes individual metal detec-
tion antennas (designated “Ant”) coupled to a metal sensing
subsystem 9005. As illustrated in FIG. 80, the metal sensing
subsystem 9005 includes, in an exemplary embodiment, a
transmit pulse generator and a receiver. Each of these anten-
nas emit an electromagnetic pulse, then accept the decay
characteristics of a response caused by the environment. The
response is digitized within the metal sensing subsystem
9005, also referred to as a sample. Single or multiple samples
may be taken from each antenna or a group of antennas. Two
or more samples from a single antenna may be processed to
reduce noise in a stage known as multi-sample noise reduc-
tion subsystems 9010. The resultant digital waveform from
the multi-sample noise reduction subsystems 9010 may have
further noise removal done by intra-sample noise reduction
subsystems 9015. Other embodiments may reverse the order
of these noise reduction subsystems, or perform only one
stage or the other or no noise reduction. Then, a detection
subsystem 9020 analyzes the resultant waveform or wave-
forms and produces a detection result 9025. In the illustrated
embodiment, a digital signal processor including the multi-
sample noise reduction subsystems 9010, the intra-sample
noise reduction subsystems 9015 and the detection subsystem
9020 forms a control and processing subsystem for the metal
interrogator.

Turning now to FIG. 91, illustrated are digitized waveform
diagrams demonstrating waveforms produced by a metal
interrogator in accordance with the principles of the present
invention. Detection of a metal object within the area being
scanned is accomplished by analysis of these waveforms. A
waveform 9100 is illustrated from a single sampled response.
Note the deviations from the smooth curve of the waveform,
particularly in the latter (rightmost) parts of the sample. These
irregularities are produced by environmental and uncorrected
equipment noise and are collectively referred to as noise. The
first stage of any metal detection process is the reduction of
sample noise. Two general classes of noise reduction are
used, namely, multi-sample noise reduction and intra-sample
noise reduction.

Multi-sample noise reduction includes taking multiple
samples from a single antenna within close temporal bounds.
Since much of the noise seen in the waveform 9100 is ran-
dom, noise should occur at different times within different
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samples, allowing multiple samples to be analyzed on a point
by point basis to determine the invariant part of the sample.
Iustrated in waveform 9101 is the result of deriving a
sampled response with reduced noise from analysis of mul-
tiple sampled responses from the same antenna.

Turning now to FIG. 92, illustrated are exemplary wave-
forms diagrams 9200, 9201, 9202 of three sampled responses
taken from the same antenna within a short time interval in
accordance with the principles of the present invention. Note
that waveform 9201 of the second sampled response has a
noise spike 9203. Multi-sample noise reduction produces a
waveform 9204 of the resultant single sampled response.
Note that depending upon the noise reduction process used,
the noise spike 9203 may be eliminated, or merely reduced as
illustrated by noise spike 9205 in the waveform 9204 of the
resultant single sampled response. Methods used to analyze
multiple sampled responses from the same antenna to reduce
noise include, but are not limited to, simple averaging,
median filtering, and also performing an initial sort, and then
discarding outliers via preprogrammed decisions. For
example, this can be done assuming uniform, Gaussian,
Cauchy, or other distributions. The selection of filtering
method is driven by a need to reduce the number of samples
to achieve a given reduction in noise. A person skilled in the
art can derive other methods of noise reduction using multiple
redundant sampled responses.

Turning now to FIG. 93, illustrated are waveform diagrams
of intra-sample noise reduction that relies upon the fact that
the resultant waveform from an induction pulse is an expo-
nential curve in accordance with the principles of the present
invention as exemplified in waveform 9300. Short duration
random and non-random noise appears to be a spike 9301 on
this otherwise smooth curve. Noise reduction methods that
take advantage of the smoothness of the curve may be used
here. These methods involve examining a “window” 9302 or
range of adjacent data points on the curve (usually a small,
odd number such as three or five) centered on a specific point
X. These processes generate a new, reduced noise curve by
setting point X' in the new curve to be a “reasonable” value
given examination of the points adjacent to X. Thus, ifa noise
spike occurred at point X, the points immediately before and
after X will probably be non-noise points, and the value of X
can be inferred from these points. Typically, this is done by
setting X to the average or median of the values of all points
in the examination window 9302, but other methods exist and
are obvious to one skilled in the art. A side-effect of this type
of'analysis is a shifting or delaying of the resultant sample, but
this may be accounted for in the analysis system. Choice of
window size is determined by anticipated noise spike dura-
tion (tends to drive the filter window wider) versus processing
time (tends to drive the window narrower).

Detection systems take N noise-reduced sampled
responses, where N is the number of distinct metal detection
antennas, and produce a result that indicates the probability of
a metal object of interest being near a particular antenna or
antennas. This result may be combined with prior results via
various methods as a further type of noise reduction. Three
detection methods known as the residual method, the slope-
differential method, and the curve crossing detection method
may be employed without limitation.

Turning now to FIGS. 94 and 95, illustrated are flow dia-
grams of embodiments of a residual method metal detection
process for a metal interrogator in accordance with the prin-
ciples of the present invention. The process of FIG. 94 is
illustrated without using a reference and the process of FIG.
95 is illustrated using a reference. The discussion that follows
describes the metal detection process in accordance without
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using a reference as illustrated in FIG. 94. In a step 9400,
sampled responses are collected via an antenna array and
metal sensing subsystem and, in a step 9401, noise reduction
is performed on the sampled responses as discussed previ-
ously. In a step 9402, a control and processing system of the
metal interrogator computes a “background” ambient signal
level for each antenna by averaging the sampled responses for
all antennas, preferably without the current antenna. This
background ambient signal level is consistent on a pulse by
pulse duration. The changes in this signal are typically larger
than the variation in the response due to the presence of the
target metal object. As a result, it may be advantageous to
estimate the background ambient signal level on a pulse by
pulse basis. This background ambient signal level is then
subtracted point by point from the antenna’s current sample.

Thus, the residual for antenna 0 in a four antenna array
would be the difference between the antenna’s sample and the
average of the samples from antennas 1, 2 and 3. This effec-
tively removes any signal common to all other antennas,
thereby tending to reduce the effect of metal objects common
to all antennas such as an operating room table. In a step 9403,
the control and processing subsystem determines the area
under the curve for each antenna’s residual level. Since the
presence of a metal object in an antenna’s field reduces the
initial portions of the curve, the integral of the curve is lower.
In steps 9404, 9405 and 9406, the control and processing
subsystem normalizes the integral values so that the lowest
value is set to zero and, in a step 9407, the control and
processing subsystem converts the values to a logarithmic
scale to facilitate evaluation. In a step 9408, the control and
processing subsystem detects the metal object by selecting
the lowest of the integral values.

Turning now to FIG. 96, illustrated are waveform diagrams
9600, 9601 of sampled responses from two antennas, which
are digitized and sampled, according to the principles of the
present invention. Slope-differential analysis includes mea-
suring the slope between two points X and Y, and comparing
the resultant slopes 9603, 9605. Since the presence of a metal
object in an antenna’s scan field causes a resultant waveform
with a flatter early (leftmost) portion, the presence of a metal
object may be inferred from a lower slope. The choice of
values of X and Y and the consequent slope location and slope
length may be statically or dynamically altered within the
scope of the present invention.

Turning now to FI1G. 97, illustrated are waveform diagrams
9700, 9701 for sampled responses from two different metal
detection antennas in accordance with the principles of the
present invention. A metal object is within the detection range
of'the antenna associated with the sampled response shown in
waveform 9701, while the antenna associated with sampled
response shown in the waveform 9700 has no metal object
within range. Note the curve in waveform 9701 shows a lower
amplitude than that of waveform 9700 during the earlier
(leftmost) time interval, but shows a similar amplitude at a
point late Y for the waveforms 9700, 9701, respectively. The
curve crossing detection method determines the amplitude of
the curve at a point X. Sampled responses with a lower ampli-
tude at point X than sampled responses from other antennas
may be inferred to have a metal object within detection range.
Since the steady-state or rightmost portions of the waveforms
9700, 9701 are unaffected by metal objects, these may be
used to dynamically determine the appropriate value of X as
a self-calibration method. This logic may also be reversed, in
which the value of X for a specific Y value is determined,
where Y may be based upon a percentage of the final or
rightmost parts of the curve. The full curve-crossing detection
method may also contain logic to compensate for non-iden-
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tical behavior among antennas and the presence of large metal
objects (such as an operating table) within the scan field of all
antennas. Additional exemplary antenna arrays shown in
FIGS. 86 to 89 illustrate some of the various geometric struc-
tures that may be employed to enhance detection. The metal
interrogator comprehends the use of multiple antenna arrays
not shown in these FIGURE .

Note that the detection processes described herein are illus-
trative and may be enhanced or modified by one skilled in the
art. Such modifications may include, but are not restricted to,
addition of calibration values to counteract differences in
antenna characteristics, addition of calibration values used to
define empty space or the lack of metal objects within the scan
field, addition of logic to infer metal object location, size,
orientation or composition, addition of logic to determine
spatial placement of a metal object within a larger scan area
(such as a surgical patient), changes to excitation pulse width
or amplitude, and permutations of antenna sequencing,
sample temporal spacing and sample sequencing.

Thus, a metal interrogator for use with an interrogation
system, and a method of operating the same has been intro-
duced herein. In one aspect, the interrogator includes an
antenna array having coils (e.g., a plurality of overlapping
coils) that define multiple areas, and a metal sensing sub-
system configured to transmit a pulse to each coil of the
antenna array and receive a response (e.g., a decaying eddy
current response) therefrom. The interrogator also includes a
control and processing subsystem configured to estimate and
subtract a background signal level from the response from
each coil and provide a residual therefrom, thereby discerning
a presence of a metal object in at least one of the multiple
areas. The background signal level may include a background
metal object proximate the metal object.

In other aspects, the metal sensing subsystem includes a
transmit pulse generator including a pulse controller, a timing
generator and a power driver. The transmit pulse generator is
configured to transmit the pulse. The metal sensing sub-
system also includes a receiver including a clamping circuit,
amplifier and analog to digital converter. The receiver is con-
figured to receive the response and provide a sampled
response to the control and processing subsystem. The con-
trol and processing subsystem (e.g., a digital signal proces-
sor) is configured to estimate and subtract the background
signal level from the sampled response.

In still other aspects, the control and processing subsystem
includes a multi-sample noise reduction subsystem, an intra-
sample noise reduction subsystem and a detection subsystem.
The control and processing subsystem is configured to esti-
mate the background signal level for each coil by averaging
the responses for the coils. The control and processing sub-
system is configured to subtract the background signal level
point by point from the response. The control and processing
subsystem is also configured to normalize an integral value of
the residual. The control and processing subsystem is also
configured to normalize an integral value of the residual for
each coil and select a lowest value therefrom to discern the
presence of the metal object.

Exemplary embodiments of the present invention have
been illustrated with reference to specific electronic compo-
nents. Those skilled in the art are aware, however, that com-
ponents may be substituted (not necessarily with components
of the same type) to create desired conditions or accomplish
desired results. For instance, multiple components may be
substituted for a single component and vice-versa. The prin-
ciples of the present invention may be applied to a wide
variety of applications to identify and detect objects. For
instance, in a medical environment, instrument kits including
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aplurality of objects can be scanned in situ to log the contents
thereof into an interrogator, and subsequently the instrument
kit can be scanned by the interrogator to verify the contents,
the integrity of the contents (including expiration dates for
time sensitive objects) and the like. The increased sensitivity
of the interrogator according to the principles of the present
invention opens up many new opportunities (e.g., supply
chain management in consumer related retail applications,
security applications, etc.) for the interrogation system dis-
closed herein.

Also, although the present invention and its advantages
have been described in detail, it should be understood that
various changes, substitutions and alterations can be made
herein without departing from the spirit and scope of the
invention as defined by the appended claims. For example,
many of the processes discussed above can be implemented in
different methodologies and replaced by other processes, or a
combination thereof, to form the devices providing reduced
on-resistance, gate drive energy, and costs as described
herein.

Moreover, the scope of the present application is not
intended to be limited to the particular embodiments of the
process, machine, manufacture, composition of matter,
means, methods and steps described in the specification. As
one of ordinary skill in the art will readily appreciate from the
disclosure of the present invention, processes, machines,
manufacture, compositions of matter, means, methods, or
steps, presently existing or later to be developed, that perform
substantially the same function or achieve substantially the
same result as the corresponding embodiments described
herein may be utilized according to the present invention.
Accordingly, the appended claims are intended to include
within their scope such processes, machines, manufacture,
compositions of matter, means, methods, or steps.

What is claimed is:

1. An interrogator, comprising:

an antenna having a coil that defines an area;

ametal sensing subsystem configured to transmit a pulse to

said coil and receive a response therefrom; and

a control and processing subsystem configured to estimate

and subtract a background signal level from said
response from said coil and provide a residual there-
from, thereby discerning a presence of a metal object in
said area.

2. The interrogator as recited in claim 1 wherein said
antenna is an antenna array and said coil is one of a plurality
of overlapping coils of said antenna array.

3. The interrogator as recited in claim 1 wherein said back-
ground signal level comprises a background metal object
proximate said metal object.

4. The interrogator as recited in claim 1 wherein said
response is a decaying eddy current response.

5. The interrogator as recited in claim 1 wherein said metal
sensing subsystem comprises a transmit pulse generator con-
figured to transmit said pulse.

6. The interrogator as recited in claim 1 wherein said metal
sensing subsystem comprises a receiver configured to receive
said response and provide a sampled response to said control
and processing subsystem, said control and processing sub-
system configured to estimate and subtract said background
signal level from said sampled response.

7. The interrogator as recited in claim 1 wherein said con-
trol and processing subsystem comprises a multi-sample
noise reduction subsystem, an intra-sample noise reduction
subsystem and a detection subsystem.

8. The interrogator as recited in claim 1 wherein said
antenna is an antenna array having a plurality of coils and said
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control and processing subsystem is configured to estimate
said background signal level for said coil by averaging
responses from a plurality of coils.

9. The interrogator as recited in claim 1 wherein said con-
trol and processing subsystem is configured to subtract said
background signal level point by point from said response.

10. The interrogator as recited in claim 1 wherein said
control and processing subsystem is configured to normalize
an integral value of said residual.

11. A method of operating an interrogator, comprising:

providing an antenna having a coil that defines an area;

transmitting a pulse to said coil and receiving a response
therefrom; and

estimating and subtracting a background signal level from

said response from said coil and providing a residual
therefrom, thereby discerning a presence of a metal
object in said area.

12. The method as recited in claim 11 wherein said antenna
is an antenna array and said coil is one of a plurality of
overlapping coils of said antenna array.

13. The method as recited in claim 11 wherein said back-
ground signal level comprises a background metal object
proximate said metal object.
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14. The method as recited in claim 11 wherein said
response is a decaying eddy current response.

15. The method as recited in claim 11 wherein said trans-
mitting is performed by a transmit pulse generator.

16. The method as recited in claim 11 further comprising
providing a sampled response and said estimating and sub-
tracting comprises estimating and subtracting said back-
ground signal level from said sampled response.

17. The method as recited in claim 11 wherein said esti-
mating and subtracting is performed by a control and process-
ing subsystem comprising a multi-sample noise reduction
subsystem, an intra-sample noise reduction subsystem and a
detection subsystem.

18. The method as recited in claim 11 wherein said antenna
is an antenna array having a plurality of coils and said esti-
mating comprises averaging responses from said plurality of
coils.

19. The method as recited in claim 11 wherein said sub-
tracting comprises subtracting said background signal level
point by point from said response.

20. The method as recited in claim 11 further comprising
normalizing an integral value of said residual.
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