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Abstract — [n this study an active capacitive RFID tag embedded in a shoe was developed. The
tags ave identified and located with an existing near field imaging (NFI) floor sensor. The NFI
system can detect the location of a person in an indoor environment, but does not provide
identification. The goal was to identify a person when he or she enters a room. This is used to
identify staff in nursing homes that are already equipped with the NFI floor sensor. The tag alters
the impedance seen by the floor using ASK modulation. Adapted FMGO encoding with a symbol
rate of 200 bit/s was used. An SNR of 17 was reached at floor level and the read range was 5 mm.
With fixed location the success rate was 100% and the latency was 0.4 5. With random locations
the performance was 93%. A two-week test period in a nursing home showed that a 93% success
rate can also be achieved in everyday use. The results promote the intended use. Copynghr ©

2010 Praise Worthy Prize S.r.l. - All rights reserved.
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Ambient intelligence and context-aware computing in
an indoor environment can be applied to interactive
environments, passage control, household automation,
and health care informatics. To get the full benefit from
these applications, person positioning and identification
are needed. The positioning should be accurate and the
identity should be continuously tracked. This requires
special techniques because e.g. GPS coverage is not
available [1].

We present a new way to localize and identify people
indoors, which uses the existing infrastructure of a near
field imaging (NF]) floor sensor. A matrix of thin planar
electrodes under the floor senses the locations of people
by measuring electric impedance at a frequency of 90
kHz [2]. The persons being monitored need not wear any
tags or similar devices, which makes the system
unobtrusive. However, some applications would benefit
from person identification. An active capacitive RFID
tag embedded in a shoe was developed to add an
identification feature to the NF] system. The intended
use 1s to localize and identify staff in a nursing home
without special attention on the part of the user. We
present the development of the tag, and the protocol, as
well as the performance measurements in the lab and in
an actual nursing home.

Introduction

1.1.  Related Work

Indoor positioning is typically performed by computer
vision. The positioning accuracy lies within 18-30cm [3],

[4].
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However when identification is required, the person
must wear a visual 1D tag, such as a 2D barcode. The
requirement for successful identification is that the angle
between the normal of the tag and the camera’s line of
sight is no more than 70 degrees [S]. Furthermore, visual
tags do not tolerate shading by crowds or furniture.

Biometric identification is possible by observing the
person’s cadence with pressure-sensitive floors [6]-[8] or
with computer vision [9], but these systems must be
trained before use. Computer vision also enables facial
recognition to be performed at close ranges, but requires
near-full-frontal images of the person’s face and is
disturbed by shading [10].

RFID positioning is an emerging indoor positioning
method. The person can wear a reader and tags are
placed in the environment {11], [12]. With UHF tags the
accuracy is around 2 m [12], depending on the density of
the tags. Since this method requires a reader to be worn
and an RF uplink, the power consumption is high and a
large battery is required. This is avoided by fixing the
reader and wearing a passive tag [13], but then the
positioning becomes point-oriented and only discrete
locations can be obtained.

The use of active transponders is another common
way to localize and identify people. The use of visible
[14] or infrared light [15] is feasible, but these methods
are disturbed by shading. Radio frequency transponders
that use sparsely distributed networks such as WLAN
[16], Bluetooth [17], ZigBee [18], or mobile phone
networks [19] produce accuracies between 1.6 and 8.7m.
This may not be enough to determine if a person is inside
a certain room, not to speak in a specific location in the
room. Active transponders based on Ultrasound [20],
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[21], or UWB [22] produce high accuracies (2-45cm),
but require specific and relative complex infrastructures
to be built into the environment. This increases the
threshold to be taken in use.

Electric field floor sensing has been used for person
tracking since the mid-nineties [23]. The positioning
accuracy is high and it varies from 21 cm (our work [24])
to 41 cm [25]. Digital communication between the floor
or furniture and a person has been studied by placing a
transmitter in a belt or a shoe or by carrying it by hand
[26]-[28]. A method for positioning and identifying a
person with multiple electrodes on the floor, which relies
solely on digital information, has also been suggested
[28]. Thus people in the same room who have no
transponders are not detected or positioned. Furthermore,
the transponder used was a bulky PDA and the accuracy
was limited to one meter.

The proposed method using NFI floor and capacitive
tags avoids the above-mentioned disadvantages of
related work. Such as the other high-accuracy techniques
(Ultrasound or UWB), the proposed mcthod also requires
a very specific infrastructure. However, when the NFI
floor has already been installed, the threshold to use the
shoe tag is non-existent.

The NFI infrastructure is in actual use in several
locations in Finland. The identification system was tested
in a large nursing home in Helsinki, Finland, where the
NFI system has been installed in the rooms of 60
residents [29]. The NFI infrastructure has obvious
benefits in care for the elderly: detection of getting out of
bed, exiting the room, and of falls [30]). The system is
commercially available at a cost of approximately $30
per square meter.

1. Fallis detected |’

Fig. 1. One application scenario of the NFT floor using the shoc tag

1.2, Application of the Method

The intended application of the identification feature
is to detect when a staff member wearing a tag enters a
room equipped with an NFI floor. This is useful, for
example, when a fall has been detected in that room and
an alarm has been sent to the cell phone of a nurse.
When the nurse enters the room to help the resident, the
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alarm is acknowledged and further alarms are
temporarily turned off; sce Fig. 1. Other staff members
can concentrate on their own current tasks as they see
that the alarm has been acknowledged.

Other applications could include identifying and
positioning the residents or ward equipment, providing
context-related information to the staff, and recording the
work routines of the staff. In this paper, we concentrate
solely on measuring the performance of the room entry
detection to illustrate the cooperation of the tag and the
floor. The other possible applications, including the
identification of people, would merely require changes to
the software. Identifying equipment would require a new
design for the antennas and casing of the tag.

Materials and Methods
1.1,

I1.
Tag Coupling

The NFI floor sensor system operates at a frequency
of 90 kHz and measures the impedance of a single sensor
element with reference to all other sensor elements. Each
sensor element in a matrix is scanned sequentially while
the others are grounded. The body of a person is sensed
by observing changes in the impedance [2]; see Fig. 2,
part (a). The sensor under measurement is referred to as
the hot sensor, and the grounded ones are referred to as
the cold sensors. As the goal was to provide
identification with no additional infrastructure, the tag
must couple to the floor sensors and modulate the
existing electric field. The following two modes of
coupling were studied here.

Mode A: the most obvious way is to modulate the
impedance between two parallel conductive surfaces
[317, which are coupled with two neighboring sensors
(hot & cold) in the floor; see Fig. 2, part (b). This mode
requires one conductive plate under the hee! and one
under the toes.

Mode B: as the person’s body acts as a transmitter
while standing on the hot sensor [23], the impedance
seen by the floor can be changed by modulating the
impedance between the sensor and the body; see Fig. 2,
part (¢). This mode requires one conductive plate under
the sole of the shoe and one on the insole to form a
galvanic coupling to the person.

1.2, Tag Implementation

The tag should function as long as possible without
recharging. To preserve energy and allow a small
battery, the tag should be motion-activated.

The tag that was implemented uses a low-power
microcontroller (ATtiny13-20SU, Atmel Corp.}, which is
motion-activated using a commercial vibration switch
(CMI1800-1, Assemtech Europe Ltd.).

Three rechargeable 1.2V Ni-MH button cells in series
are used to power the tag (Varta V 20 HR, Microbatterie
GmbH).
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Fig. 2. Coupling modes of the proposced methed: (a) A person wearing no tag: (b) Mode A: the lag modulates the impedance between two neighboring
sensors (hot & cold). (c) Mode B: the tag modulates the impedance between the hot sensor and the person

The current consumption of the tag was found to be
37 uA in active mode (/) and 30 nA in sleep mode
(7iqie). The theoretical battery life #,,, can be calculated as

n (1):

It - Cbr’.rﬂ ( 1 )
hatt Lact 24 h- Tact
24 h aet 24 h f.r'r.f."r.- + 1..'1:.!"{—-‘354‘('!:(”;5:«

where the battery capacity C,, is 22 mAh, the self-
discharge current /i rgischanee 18 6 LA, and the active time
duration per day 1, is eight hours. According to (1), the
device should work for 50 days without recharging.

The physical implementation of the tag is shown in
Fig. 3. The diameter is 50 mm and the thickness is 5 mm.
Epoxy casting is used to protect the components. The
connector is used for programming and charging the tag,
The antenna plates in the shoes are connected to the
medulation output with durable steel wires, since copper
wiring was found to break in use.

Fig. 3. The implementation of the tag

Fig. 4, part (a) shows the tag being embedded into a
shoe. It is placed in a cavity in the heel and is later
covered with a rubber outsole. The connector is
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accessible on the side of the shoe. The ground plane of
the tag’s circuit board acts as the heel plate and couples
to the hot sensor. Coupling mode A needs a separate
plate under the toes, which Is made of a dense steel
mesh. Coupling mode B needs a galvanic contact fo the
person. Two types of conductors on the insole were tried
out: strips of conductive fabric glued onto the insole, and
a stainless steel plate embedded in the insole; see Fig. 4,
part (b). The conductive fabric was found to be more
comfortable and worked well.

|

-
Conductive
strips

1
Conductive
plate

Fig. 4, Implementation of the shoes. (a) The tag 1s placed in a cavity in
the heel. The toe plate is made out of a steel mesh. (b) The galvanic
coupling to the person can be made with conductive fabric strips or

with a conductive plate

1.3, Signals and Encoding

The tap can transmit data by using coupling modes A
or B or both. It creates ASK modulation by shorting the
heel plate and the selected antenna plate and then leaving
it floating. One [/O pin of the microcontroller performs
the switching, as it is capable of changing its state
between a high and a low impedance to the tag’s circuit
ground. Typical signals recorded with the NFI floor
sensor are presented in Fig. 5. The test subject stepped
on the center of a sensor and stood still for a couple of
seconds and then moved away. A normal step can be
seen as a 19-Ohm drop in the signal. A step with the
tagged shoe can be seen as a 25-Ohm drop containing a
data burst. As soon as the person lifts his foot the ASK
amplitude weakens rapidly.
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Fig. 5. Typical signals. The upper signal is without a tag. The lower
stgnal 1s with a shoe tag

A close-up of a successfully-detected data burst can
be seen in Fig. 6. An adapted FMO encoding with a
symbol rate of 200 symbols per second was used. The
symbol rate is currently limited by the sampling rate of
the NFI floor sensor, which is 1.2 kilo-samples per
second.
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Fig. 6. Successfully detected 1ag signal. The 1D number 37 (0000 001 1)
is transmitted using adapted FMO enceding

The 1D of the tag is stored as an &-bit number in the
EEPROM of the microcontroller. The ID is transmitted
continuously and the cycles are separated by start/stop
marks. Normally, the symbols in FMO are of equal length
[32], but because of the low sample rate, we needed to
increase selectivity by increasing the differences between
the symbol durations. A ratio of 1:2:4 was used for the
symbols zero, one, and start/stop; see Fig. 6. Symbols
are detected by timing the rising crossings of the signal
and the signal baseline. The baseline is a single-pole IIR
filtration with a coefficient of 0.2. The filtering is
essential since signals during walking contain significant
drift; see Fig. 5. The validity of the 1D number is
checked by verifying the correct amount of symbols
between the start/stop marks. No checksum was used
because the transmission time had to be minimized.
However, a checksum will be introduced in future
designs if the symbol rate can be increased.

1.4, Scanning Procedure
The 19-m” test room was completely covered with a 9

x 16 sensor matrix. The floor’s update rate is 4.5 Hz,
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which corresponds to a maximum latency of 222 ms.
There is also an additional 215-ms delay, which is
caused by signaling and processing delays. Using the
encoding described above, a 128-point sample is needed
to read the tag, which takes up 106 ms. Therefore the
foot targeted for ID sampling must stay still for 321-543
milliseconds, depending on the phase of the update cycle
of the floor.

Since there is no time to constantly search for IDs in
the whole NFI1 sensor matrix, the following 1D scan
procedure was developed for this application. As a
person typically activates a couple of sensors at a time,
the sensor nearest to the centroid of this pattern is
subjected to the ID sampling. Three sequential attempts
are performed on each person in the room. If oue read
event is successful, the ID number is attached to the
person and the location is tracked using dedicated
algorithms [24]. Eventually, the [D can be lost because
of multiple targets merging when people come mnto close
proximity to each other. Therefore the 1Ds of all targets
are updated every fifteen seconds.

Younger adults may have walking speeds up to 1.5
m/s [11], which means that the sensor targeted for
sampling lags up to 0.5-0.8 meters behind the person.
Therefore, the tags are seildom detected during walking.

1.5, In-house Tests

To characterize the technique, the maximum read
range and SNR were measured using different coupling
modes. A human body phantom described in our earlier
work was used [2], because it allowed the tag to be
elevated in 0.5-millimeter steps. The tag was elevated
until the 1D was unreadable or an incorrect 1D number
was read. The elevation was measured from the surface
of the floor. It consisted of 3-mm PVC flooring, which
was secured on top of the NFI sensors. The following
coupling modes were used: A, B, and A and B together.

The next step was to measure a success rate and a
detection delay in a fixed location and in a random
location. The success rate is the proportion of correctly
identified test events in all test events. The detection
delay is the time between the start of the event and the
first successful identification.

A real person wore the tagged shoes and entered the
test room, stepping on fixed footprints placed in optimal
positions in relation to the sensors. The test was repeated
100 times using coupling mode B in both shoes. The test
was also performed in 100 random locations and was
repeated five times using different coupling modes; B in
one shoe, B in both shoes, A in one shoe, A and B in one
shoe, and A and B in both shoes. The results were
compared to simulations, which were based on the 2D
geometry of the sensor matrix.

6. Field Test

The field test was performed in a ward for the
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demented in the Kustaankartano center for the elderly in
Helsinki, Finland. The tagged shoes were issued to two
nurses, and two rooms that each had two actual residents
were configured to scan the tags. The coupling mode to
be used in the shoes was determined on the basis of the
in-house tests.

As the test was intended to last two weceks, we could
not observe the test in person. To confirm successful and
phantom detections of the tags, we installed buttons with
indicator lights in the rooms. The nurses werce instructed
to press the button and confirm that the indicator Jight
came on every time they entered the room wearing the
shoes. They were also instructed to press the button
when leaving and confirm that the indicator light went
off. The state of the indicator light was logged, as were
the 1D numbers read with the floor. The criterion for
successful tag detection was a correct ID number and it
had to be detected while the indicator light in that room
was on.

The application presented in Fig. | was also used in

the field test. [ts usefulness was evaluated on the basis of

the feedback from the nurses.

I1l. Experimental Results

1. In-house Tests

The maximal read ranges of each coupling mode are
shown with dashed vertical lines in Fig. 7. SNR values
are shown as a function of the tag elevation from the
floor. The read ranges varied from 3 to 5 mm. While the
shoe was touching the floor, the SNR values varied from
11.6 to 16.9.

- P

SN

(= S

Elevation (mm)

Fig. 7. SNR (lincar scale) as a function of height of the tag from the
floor. Maximal read ranges arc marked with dashed vertical lines. The
dotied trace shows a fitted curve proportional to 1/

The fixed location test indicated perfect performance.
All of the 100 events were detected correctly. No false
positives or incorrect ID numbers were detected. The
average detection delay was 430 milliseconds, with a
standard deviation of 130 milliseconds.
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The results of the random location test are shown 1n
Table 1. Simulations show the expected values based on
the 2D geometry. Since the best success rate was
obtained by using coupling modes A and B in both
shoes, this configuration was used in the field test.

TABLET
SUCCESS RATES [N THeE RANDOM LOCATION TEST

Mecasured suceess  Simulated success

Coupling mode rate (%) rate (%)
B in one shoe 64 65
B in both shocs 80 88
A 1in one shoe 80 29
A and B in one shoe 85 80
A und B in both shoes 93 88

Measured percentages include 100 repetitions.

1.2, Field Test

The field test lasted for 14 days. The button was used
14 times, indicating a nurse entering one of the rooms.
13 of these were detected with the tap, yielding a success
rate of 93%. The only room entry which was not detected
lasted for less than 2 seconds. The average delay from
the button being pressed to the first tag observation was
36 seconds, with a standard deviation of 49 seconds.
Over the two-week period 4 incorrect ID numbers were
found. These were all detected when the button signal
was not active.

IV. Discussion

V1. In-house Tests

As can be seen n Fig. 7, the configuration using
coupling modes A and B together produces the highest
SNR and read range. The SNR while the shoe was
touching the floor was 16.9 and the read range was 5
mm. An SNR of 10 is usually considered to be sufficient
[32]. Since this is achieved at elevations below [.5 mm
and the maximal read range is 5 mm, we conclude that
the tag should touch the floor to achieve good reliability.

When observing the SNR wvalues as a function of
elevation in Fig. 7, one can notice that the curves follow
the dotted trace. [t is a fitted curve proportional to the
inverse value of the square of the distance. This behavior
was expected as the electric field distributes into a
spherical surface, such as one with a point charge, as in

(2)
E__ Q

4!-'2[,:'2

where £ is the electric field strength, O is the charge, and
r is the distance. Below 1.5 mm this dependency
decreases because the electrode geometry resembles a
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parallel plate capacitor where the exponent of the
distance #is 1.

The test with a fixed location verified that the
technique is valid and works swiftly. The latency of 0.4
seconds is comparable to common contactless keycard
readers.

[n the random location test 93 out of 100 locations
were detected correctly. The causes of the false negative
results in the remaining seven percent were explained by
the simulations; the reason is the lack of intersecting
surfaces between the floor sensor elements and the tag
antennas, which causes a weak signal. This occurs when
the person steps on a gap between the sensors or on a
wire bundle feeding them. These take up 19 percent of
the entire room area.

The success rates in random locations seem to follow
the simulated tests very closely. This confirms that the
coupling modes behave as expected. The only exception
is seen in row 3 of Table [; the simulation suggests that
the success rate of coupling mode A in one shoe should
be significantly lower than was found in the test. This
was most likely due to leakage between the antenna
plates in the shoe, and coupling mode B was also
present.

A successful detection includes not only the tag [D,
but also the location of the sensor it was read with. Our
earlier work indicated that the mean positioning accuracy
is 21 ¢m and two targets can be discriminated with a
90% certainty if the gap is 78 cm [24]. Therefore
multiple targets, including their identity, can be tracked
inside the same room. This creates a solid base for
context-aware computing. For example, members of the
staff could receive patient records with their cell phones
while standing next to a certain bed.

V.2, Field Test

The performance found in the field test was similar to
that of the in-house test (93% vs. 93%). The performance
was satisfactory, but was not adequate for crucial
applications. However, the nurses were very satisfied
with the identification feature because it saved the effort
of acknowledging alarms with a PC. They were
especially satisfied by the fact that further alarms were
automatically turned off when they were present. Some
complaints were received about the shoes; the sole was
too rigid and made their feet tired.

It was found that the nurses sometimes forgot to press
the button. This 1s evident when the log is observed, as
there were eight occasions when the same tag was
detected in the same room at least two times in a row,
and these were distributed over a period of several
minutes. The probability of these being false positives is
very low. Therefore the exact false positive rate cannot
be calculated from the log, since the absence of the
button signal does not mean that the nurse was not
present.
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There were four cases during the two-week period
which were confirmed as false positives, as nonexistent
ID numbers were read. Since they were detected in the
absence of a nurse, we suspect that they were generated
by noise in the signal. The number of false positives
should be capable of being easily reduced by introducing
a checksum in the transmission.

The mean detection delay was 36 seconds. This delay
is largely defined by the 15-second re-attempt delay of
the scanning procedure. Furthermore, the nurses
apparently move around a lot until they stop and allow
the tag to be read.

V.3, Future Work

In future field tests, the users will be instructed to stop
on marked footprints immediately after entering the
room. In addition, the floor will be configured to scan
only this area for IDs. These procedures should reduce
the average detection delay to 0.4 seconds, as shown in
the in-house tests.

Our future work also includes speeding up the
sampling rate and the update rate of the NFI floor sensor.
This would shorten the NFI observation latency and the
duration of the ID transmission. This could enable
walking people to be identified, as the scan can take
place before the person lifts the foot which has been
targeted for sampling. The false positive rate will also be
reduced as there would be time to add four bits for a
checksum,

VY. Conclusion

This paper shows that embedding a capacitive RFID
tag into a shoe can be identified with a NFI floor sensor.
The intended use was identifying staff in a nursing home.
Satisfactory performance was found in the laboratory, as
well as in an actual nursing home. The results suggest
that the method can be used for context-aware and
ubiquitous  computing.  Besides  the  technical
performance, good user feedback was obtained. The
nurses that wore the shoe tags were very satisfied with
the application.
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