
Received January 21, 2020, accepted February 27, 2020, date of publication March 6, 2020, date of current version March 17, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.2979080

RFID Based Non-Contact Human Activity
Detection Exploiting Cross Polarization
XUANKE HE 1,2, (Student Member, IEEE), JIANG ZHU 1, (Senior Member, IEEE),
WENJING SU 1, (Member, IEEE), AND MANOS M. TENTZERIS 2, (Fellow, IEEE)
1Google LLC, Mountain View, CA 94043, USA
2Georgia Institute of Technology, Atlanta, GA 30332, USA

Corresponding author: Jiang Zhu (jiangzhu@google.com)

This work was supported by the Google Internship Program.

ABSTRACT This paper explores antenna’s polarization for Radio-Frequency Identification (RFID) based
non-contact human activity detection. For the first time, a cross circular polarization configuration between
reader antenna and tag antenna is proposed to increase the sensing range and spatial sensitivity. Compared to
conventional RFID configurations - linearly polarized (LP) tag and circularly polarized (CP) reader, a cross
CP configuration can improve the signal-to-noise ratio (SNR) which leads to 230% increase in the detection
area over traditional approach in our experiment. As the result of the improvement of spatial sensitivity,
the proposed approach can detect subtle and small body movements at almost 4.5m from the reader, such as
head movements or even respiration, which enables a low-cost, easy-to-use, non-contact and non-intrusive
monitoring of the elderly and disabled peoples in places like hospitals and assisted living homes.

INDEX TERMS Activity recognition, ambient computing, assisted living, health monitoring, non-contact
sensing, polarization, radio-frequency identification (RFID).

I. INTRODUCTION
Human activity monitoring grants an important role in mak-
ing lives easier for everyone. As people age, their livelihood
are more and more dependent on caregivers or loved ones
for their well being. Ubiquitous/ambient computing can help
these people achieve greater autonomy in their lives by seam-
lessly and naturally integrating wireless sensors and comput-
ers which greatly improves their daily efficiency.Widespread,
low-cost wireless sensors can enable the ambient computing
revolution and help support people and their homes in case
mental or physical related disabilities precludes them from
getting the help that they need.

Human activity detection is a crucial part in human activ-
ity monitoring. Traditionally, camera systems or on-body
sensors, such infrared sensors or accelerometer/gyroscopes,
and FMCW radar [1]–[4], have been utilized to detect
human activity, however, these methods comes with
drawbacks [5]–[8]. For video monitoring, extensive amount
of computational power is required to process the video
received, and cameras have security and privacy concerns
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making it not suitable for ubiquitous use. Wearable sensing
technologies requires that the user constantly wear them
which can be seen as a hassle in some cases like sleeping
or exercising. In addition, people might be forgetful or lose
interest in wearing them, making it a non-reliable method
for activity tracking. Radar systems are not commercially
available, expensive, and thus difficult to implement for
widespread use.

Radio Frequency IDentification (RFID) is a low cost plat-
form used in many industries for inventory tracking, security
and asset management. RFID systems utilizes backscatter-
ing, to communicate between a reader and multiple tags.
This involves transmitting a continuous wave (CW) from
the reader to the tag and the tag retransmitting a modulated
signal back to the reader. RFIDs have been introduced for
human activity tracking [9]–[13], and has been shown to be
a promising technology in tracking a wide range of human
activities. These include using wearable and on-object RFIDs
[14]–[16] and also device free RFID activity recognition [11],
[17]. By collecting the RSSI and phase information of the tag
readings, activities can be classified based on the characteris-
tics of those readings. However, the spatial sensitivity, maxi-
mum distance which activities can be detected, is inadequate
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as the human user needs to be close or in the line of sight
between the RFID tag and reader in order for the activities
to be detected. This is not sufficient as it results in a limited
detection area, making it impractical in most real use cases.
Previous works have tried to mitigate this by adding more
tags [11], [13], allowing for a broader coverage area, however
this becomes a hassle as the user has to manually space out
multiple tags to avoid mutually coupling to each other [18],
and adds general complexity. By reducing the number of tags
and have each tag cover a wider area, the practicality of the
system is drastically increased.

All of these works utilize commercially available RFID
tags, which are linearly polarized, while most RFID readers
are circularly polarized. This setup allows the RFID reader
to read LP tags at any orientation, since circularly polarized
electromagnetic waves can interrogate LP antennas, which
makes it advantageous in places like a warehouse where
products might be placed in different orientations. It might
be advantageous for inventory tracking, but not for human
activity tracking. To increase the spatial sensitivity, and to
decrease the amount of tags required, in sensing human activ-
ity, a new approachwas developed by exploiting the circularly
cross polarization of the reader and tag. Understanding that
electromagnetic waves changes polarization when reflected,
it is possible to create a systemwith greater spatial sensitivity,
while still utilizing the same low-cost RFID platform. This
is done using a hardware level approach utilizing circularly
cross polarized RFID antenna and tag.

The remainder of the paper is as follows. Section II
describes the theory about why cross polarized CP tags
can increase the spatial sensitivity and range and provides
measurement results which validates the theory. Section III
describes the design of the hardware, CP tag, and the setup of
the system and calibration of the environment. Measurement
results of different human activities in a typical room environ-
ment are shown in Section IV. Conclusions and future works
are discussed in the final section.

II. THEORY
We exploit cross polarization between RFID reader antenna
and tag antenna to improve the detection sensitivity and range
of human activities. In a conventional RFID based ranging
system, the magnitude (in the form of received signal strength
indicator, or RSSI) and phase of the back-scattering wave
from the RFID tag to the reader, are recorded to extract the
tag’s location. Many RFID based human activity detection
systems use an on-body approach [14] where the tag is
attached to the body. This approach has the benefits of larger
monitoring area and higher sensitivity due to approximate to
the human body, and can even detect the complex bodymove-
ments when multiple tags are deployed on different parts of
the body. However, on-body approach leads to many draw-
backs, primarily because they need to be comfortable to wear
and need to be remembered to be worn, which makes them
undesired for long-term monitoring. The alternative refers
to the tag-free, also referred as off-body approach, where

TABLE 1. LOS back-scattering wave – ‘‘noise’’ suppression versus
reader-tag polarization configuration in RFID based human activity
detection (V. LP refers to vertically linearly polarized and H. LP refers to
horizontally linearly polarized).

the tag’s location is fixed, for example, tags are mounted on
the wall, and thus the change in RSSI and phase of back-
scattered wave is due to the dynamic body movements in
a static environment. In most of these works, the line-of-
sight (LOS) signal that is directly back-scattered by RFID
tags is the dominant contributor to the received signal, as the
reflection is usually much weaker due to the reflection loss
at the reflecting surface and larger path loss from a longer
traveling distance, which agrees with the observation that if
the human activity occurs far from the the line between the tag
and the reader, the associated change in RSSI or phase is sig-
nificantly smaller than LOS signal, which limits the detection
range and the sensitivity to sense subtle body movement. The
idea to deploymultiple closely-spaced tags has been proposed
to address this challenge [11], [13]. However, this approach
inevitably increases the cost on tags and computational load
for the system.

Our proposed approach focuses on the suppression of the
noise in order to improve the signal-to-noise ratio (SNR)
in the RFID based non-contact system for human activ-
ity detection. Here, the ‘‘signal’’ is the wave reflected by
human body which carries the body movement information,
while the ‘‘noise’’ is the LOS back-scattering wave from the
tag. We purposely cross-polarize the reader antenna and tag
antenna as shown in Table. 1. Cross polarization refers to
the electric field polarization of two signals/antennas being
orthogonal to each other. Co-polarization refers to the fields
being parallel. Due to the fields being perpendicular to each
other, the electric fields do not align resulting in no power
transmission, while co-polarization means maximum power
transmission. Cross polarization can usually degrade the LOS
signal strength by more than 30 dB which is referred as polar-
ization mismatch loss. This is further verified in Section III.
Therefore, the received LOS back-scattering wave as ‘‘noise’’
is sufficiently suppressed by utilizing cross polarized reader
and tag combination. This is illustrated in Fig. 1.
We further discuss the off-body reflected ‘‘signal’’ in

the cross circular polarization configuration which carries
the information about human movements. It is known that
circularly polarized electromagnetic waves when incident
on a dielectric or metal surface changes the handedness
of the polarization of the reflected wave [19]. For exam-
ple, right-hand circular polarized (RHCP) waves which are
reflected, become left-hand circular polarized waves (LHCP)
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FIGURE 1. Illustration of how the signal-to-noise ratio of a RFID-based
human detecting system is improved over cross circular polarization
scheme as shown in (a), as compared to the traditional linear-tag
approach as shown in (b).

and vice-versa. Since human tissues, such as muscle and skin,
are conductive and have high relative permittivity [20], a sig-
nificant amount of RF energy is reflected and this reflected
signal is flipped to the cross polarized handedness to that
of the incident wave. This phenomenon has been used in
the miniaturization of Doppler radar for monitoring human
vital signs, i.e., respiration and heartbeat [4]. In the RFID
based human activity detection application, the ‘‘signal’’ that
correlates to the human activities is not suppressed by the
cross polarization configuration as whenever the interaction
with human body occurs, the handiness of the reflected CP
wave is flipped to the co-polarization configuration to the
receiving antenna, so there is no polarization mismatch loss
for the ‘‘signal’’.

Several other polarization configurations between reader
and tag antennas are discussed as compared to cross CP
configuration. With respect to the cross LP reader and LP
tag combination, the signal reflected by the body cannot be
detected, because the LP wave reflection off the body makes
no guarantee that the reflected wave changes its polarization,
for example, from vertical linear polarization to horizontal
linear polarization [21]. In the case of co-polarized CP reader
and tag combination, the reflected wave due to the body has
the opposite handedness to the reader or tag, which results
in large polarization mismatch loss to the ‘‘signal’’ while
enhancing the LOS back scattering wave directly from the tag
as ‘‘noise’’, which leads to the least preferred configuration
for the tag-free human activity detection application as the
result of poor SNR. For all other reader and tag combinations,
the reflected signal is not degraded by cross polarization
mismatches, aside from the 6 dB which arises from LP to CP
polarization loss. The result is summarized in Table. 2. By
comparing the two tables, when overlayed with each other,
it can be seen that RHCP and LHCP combination, the two
cross circular polarization combinations, can suppress the
LOS and enhance the body reflection signal.

To prove the theory, a linear polarized tag and a LHCP
tag were measured using a RHCP polarized RFID reader
in a anechoic chamber. The details about circular polarized
RFID tag design are given in Section III. In this experi-
ment, the reader and tags were separated by 1.5 meters with
antenna’s peak gain aligned at LOS. RSSI was recorded

TABLE 2. Reflected wave – ‘‘signal’’ degradation versus reader-tag
polarization configuration in RFID based human activity detection (V. LP
refers to vertically linearly polarized and H. LP refers to horizontally
linearly polarized).

with and without reflective objects, i.e., human or human-
sized metallic sheet as shown in Fig. 2. On the one hand,
when there is no reflective object inside the chamber which
is referred as ‘‘Empty’’ scenario, the RSSI level for LHCP
tag is as low as close to the sensitivity level of the RFID
reader around −70 dBm as shown in 2 (c) which is at least
15 dB lower than that of linear tag measured under the same
condition shown in 2 (d), because the link maintains only
through the LOS back-scattering path. With the polarization
mismatching between the reader antenna and the tag antenna,
the back-scattering link of LHCP tag even dropped at higher
frequencies over 915MHz. On the other hand, when a human
or metallic sheet was presented in the chamber, the reflection
path was created. The measured RSSI with LHCP tag is
increased by in the order of 10 dB and 20 dB for the presence
of human body and metal sheet, respectively, as compared
against only 1 dB and 2 dB RSSI increase for linear tag. It is
expected that the RSSI variation with the presence of metal
sheet is larger than human body because the reflection loss
from a perfect conductor is negligible. These experiments
verify that LHCP-RHCP configuration in RFID system can
effectively suppress the LOS signal strength while enabling
the reception of the reflected signal. This result also shows
that the CP tags are much more sensitive to human presence,
given their large variations in RSSI compared to the LP tags,
which suggests that the cross circular polarization configura-
tion can enable the small and subtle bodymovement detection
that is barely possible for LP tags.

III. DESIGN AND SETUP
The proposed RFID based non-contact human activity detec-
tion system consists of one regluar RFID reader and a circular
polarized RFID tag. The RFID reader used for measurement
was the Impinj RFID R420 reader with a maximum sensitiv-
ity of −72 dBm. One LHCP reader (S9028PC) antenna was
utilized in this paper, with 9dBi of gain. The RFID reader
was connected to a PC running a Java program written using
the Impinj Octane SDK. When reading tags, the RFID reader
outputs a stream of objects which includes information on
the tag such as its individual product code, RSSI, phase and
timestamp. In this paper, the RFID reader operated in the
MAXTHROUGHPUT mode, which gives around 250 tag
reads per second, or one tag read every 4 ms and operated
at 31.5 dBm output power. In this mode, the read frequency
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FIGURE 2. (a) Human multi-path reflection sensitivity test with 3 conditions, empty chamber, human inside chamber and human sized metal sheet. The
experiment was repeated for both LP and CP tags. (b) Layout inside the chamber. (c) Different environment’s effects on RSSI of CP tag. In an empty
chamber, at frequencies >915 MHz, the RSSI cannot even be measured because it is lower than the reader’s sensitivity (d) Different environment’s
effects on RSSI of LP tag. In the case of the CP tag, a dramatic increase was measured in the RSSI due to the introduction of reflectors.

can detect just about every human gesture. A typical lin-
early polarized tag, SmartTrac BELT R6, which measures
70 mm × 10 mm, with an Impinj Monza R6 RFID chip was
utilized as a comparison to the custom designed circularly
polarized RFID tag.

A. CIRCULAR RFID TAG DESIGN
Since the majority of the commercially-off-the-shelf tags
are linear polarized, a circularly polarized tag was custom-
designed for our study. Spiral antennas are a common class
of antennas which are frequency independent [22], mean-
ing that its characteristics, such as antenna pattern, band-
width and polarization remains unchanged with respect to
frequency. This makes the spiral antenna the ideal candi-
date for the circularly polarized tag, as the only remaining
parameter to design is a matching network between the RFID
chip to the antenna. The RFID chip used on the circularly
polarized tag is the same Impinj Monza R6 chip (Murata
LXMS21ACMF-183) as on the SmartTrac LP tag. To obtain
maximum power transfer from the tag antenna to the chip,
a conjugate match must be designed so that the reactance of
the chip is cancelled by the reactance of the antenna, so that
the antenna only sees a real impedance load. This is done by
utilizing a T-shaped matching network feed [23] where both
arms of the archimedes spiral symmetrically extend outwards
from, which matches the 20-145j � impedance of the chip

its complex conjugate impedance. The tag was fabricated on
0.8mm thick FR4, to maintain a low cost and lightweight
tag, and has a radius of 13 cm. The antenna simulation and
fabricated model is shown in Fig. 3 (a) and (b), and simulated
results in (c)-(e), with a realized gain of 3.3 dBi and axial ratio
bandwidth of 105 degrees. In addition, the SmartTrac Belt
RFID tag was also modeled in simulation, which has only
0.3 dB of simulated realized gain, to serve as a comparison
for the CP tag.

The characterization of the proposed spiral CP tags
was conducted in an anechoic chamber environment to
reduce interference and to remove any unwanted multi-path
effects. To gauge the performance, RSSI is measured with
a co-polarized reader mounted inside an anechoic chamber.
A comparison with a conventional liner polarized tag is made
by replacing the CP tag with the LP tag at the same location.
The measured RSSI readings are shown in Fig. 4, which
shows that the CP tag in co-polarized mode, has around
13 dBm better RSSI than the linear tag. This makes sense as
the CP tag has 3 dB difference in gain and 3 dB polarization
matching. With twice the link budget, due to the nature of
back-scattering as the tag both transmits and receives, this is
an expected 12 dB increase in RSSI, similar to prediction.
Additionally, as compared to Fig. 3 (c) in the ‘‘Empty’’
chamber case, the cross polarization loss of the tag to the
reader antenna is greater than 30 dB. This demonstrates that
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FIGURE 3. (a) CP tag CAD model. (b) Fabricated CP tag. (c) S11 of the tag
showing < −10 dB matching across the RFID band. (d) Gain pattern of the
tag with 3.3 dB simulated gain. (e) Axial ratio plot of the CP tag at
915 MHz cut along the broadside, showing around 105 degrees of axial
ratio bandwidth.

FIGURE 4. Tag comparison between LP and CP tags, showing around
13 dBm increase in RSSI, verifying that the CP antenna operates correctly.

the CP tag’s matching and polarization also matches closely
with the calculation, verifying that the CP tag operates as
designed.

FIGURE 5. Demonstration of the frequency hopping calibration of the
RFID reader. (a) Pre-calibration, showing the individual hops that the
RFID reader goes through. It is noted that the RSSI only changes when the
reader hops frequency. The phase (not shown) also demonstrates similar
behavior. (b) Post-calibration. If there is no movement, when referenced
to the calibration data, the variation is 0.

FIGURE 6. Typical room environment for testing with the tag and reader
antenna close to the walls.

B. DATA PRE-PROCESSING
RFID system requires a reader to collect the back-scattered
tag information, which can extract the RSSI and phase
information of the tags from the backscattered signal. It is
observed that the Impinj R420 RFID reader uses frequency
hopping spread spectrum transmission technique meaning
that the reader hops through the 50 channels within the
allocated 902-928 MHz frequency band every 10 seconds.
This is an unchangeable feature within the reader, which
reduces interference between multiple readers. In most real
use cases, multi-path has a large variation on the both the
RSSI and phase information, making it difficult to extract any
information from the collected data as seen in Fig. 5 (a). How-
ever, the RSSI and phase readings are constant for the fixed
environment. Thus, it is possible to utilize the tag to obtain
a calibration of the room before anything has moved, and
observe the effect of the object moving on the RSSI or phase
relative to the calibration data. To calibrate the environment,
first a 10 second measurement is conducted to ensure that the
Impinj R420 hops through all 50 channels, and the RSSI and
phase data is saved for each of the 50 frequencies.
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FIGURE 7. (a) Layout of the testing area, each block measuring an area around 60cm × 60 cm. The grid starts 30 cm away from the tag
and reader. (b) Vertically oriented LP tag detection heatmap. (c) Horizontally oriented LP tag detection heatmap. (d) Cross polarized CP
tag detection heatmap. The scale measures the RSSI variations in terms of dB. The point directly in front of the both the tag and reader
generates the largest variations.

To calibrate the RSSI, a 10-seconds long RSSI data is
saved in key-value pairs, with value being the mean of the
RSSI values collected withing a channel and the key being
the frequency channel. During measurements, the collected
RSSI data of the RSSI, is referenced to the original saved
calibration data by simple subtraction to find the differ-
ence between the calibrated and measured. For phase mea-
surements, the method in [24] is implemented, shown in
Equation 1:

θc = [
fj
fi
× (θd,i − θd0,i)+ θd0,j]mod 2π (1)

where the fixed frequency is denoted as fj and the cur-
rent measured frequency channel is fi. θd,i and θd0,j
denotes the saved phase data for channels i and j and
θd0,j denotes the current measured tag phase at channel j.
In this method the phase measurements at different channels
are remapped to a chosen fixed frequency j. The phase is
remapped to a frequency which has an initial phase closest

to π to give the remapped response a wide [0 2π] range
without phase wrapping.

These techniques result in a flat response without fre-
quency hopping variations, Fig. 5 (b), to better visualize
the response of human activities as variations from a base-
line. By knowing the baseline data, prior to any movement,
the RFID reader can detect variations in the multi-path,
induced by movements or gestures by human interactions.
When various activities are performed, the deviation illus-
trates the multi-path effects of the activity, with each unique
activity affecting the multi-path differently, resulting in varia-
tions in the RSSI and phase. The preprocessing step important
to data collection as the data is based on variations, Fig. 5 (b)
rather than on raw data, Fig. 5 (a). This gives activities more
variation and better visualization, allowing for the system to
better detect when the activity is occurring and analyze its
effect on RSSI and phase. When the the user performs an
activity and returns to the original position, the RSSI and
phase should also return to their original calibrated positions.

46590 VOLUME 8, 2020



X. He et al.: RFID Based Non-Contact Human Activity Detection Exploiting Cross Polarization

FIGURE 8. 3 activities demonstrated (top) and their RSSI variations (middle) and phase variations (bottom). Activities are repeated, then the user
goes back to the original calibrated state, and two of the activities are shown in the plots. Using the CP tag increases the variations of the activities,
and it is evident that most of the activities differ from each other, either in RSSI variation or phase variation. For example, the shaking head activity
generates a smaller dip in RSSI compared to the other two activities, and the nodding head generates a large increase in phase while the other two
do not.

FIGURE 9. Crossing arm activity repeated for 3 different users (a), (b) and (c) and the effect of the activity on the RSSI. Different users perform
actions differently, such as in speed or position, in addition to their difference in height and posture, but for all 3 users the crossing arm activity
generally demonstrates a dip in the RSSI.

Using this data preprocessingmethod for calibrating the RSSI
and phase allows the activities to be clearly and accurately
detected.

IV. EXPERIMENTS
While the antenna chamber testing result demonstrates a
better sensitivity from the cross CP tag than that of the
LP tag, it is only evident in the electromagnetic controlled

environments. To further validate the theory, tests must be
performed in the real-life environments. A typical environ-
ment is shown in Fig. 6, which consists of tables, chairs and
shelves, as well as the floor, ceiling and walls of a building.

A. SPATIAL SENSITIVITY ENHANCEMENT TEST
In this test, an LHCP reader antenna (S9028PC) and the
custom-designed RHCP tag, from the previous section as
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FIGURE 10. Response of the CP tag due to a repetitive activity,
hand-waving. (Middle) RSSI variation at 45 waves per minute. (Bottom)
FFT of the variation, demonstrating a large spike at around 45 activities
per minute. However the linear tag did not experience large
variations.

shown in Fig. 3 (b), are placed on opposing walls 1.5 meters
away from a corner along the walls. The tag is mounted on
walls to be unobtrusive and save the space. Both the tag and
the antenna are 1.2 m above the floor. To verify that the
CP tag has better spatial sensitivity compared to traditional
linear tags, an experiment was performed on the user with
identical activities, i.e., nodding their head up and down.
The comparison of RSSI change was made between the CP
tag and LP tag at various locations around the room for the
same gesture from the user. The RSSI variation must be
identifiable that is correlated to the body movement to avoid
to be considered as noise. A simple sliding window algorithm
was implemented. If the mean value of the sliding window
reaches above a certain threshold for a period of 5 shifts,
the activity is recorded, and the largest variation is measured.
The window size is 10 which averages 40 ms of data and the
threshold was set to be 0.3 dB. The experiment was repeated
for the linear tags in both horizontal (parallel to the floor)
and vertical (perpendicular to the floor) orientations for the

FIGURE 11. Respiration data shows drastic improvements due to the CP
tag as compared to LP tag. This data was recorded at location C6.

completeness of the linear tag comparison with the CP tag.
At each location the nodding head activity was repeated every
7 seconds over 1 minute long time window. The area between
the tag and the reader antenna were not measured since those
were in the line of sight of each other. Their heatmaps are
plotted in Fig. 7. It can be observed that a single CP tag
can cover and detect small body motions, in a large room,
which is over 230% increase in the coverage area, due to its
better sensitivity to body motions over the LP tag. It is also
noted that the vertically linear polarized tag has slightly better
spatial sensitivity than a horizontally LP tag. This is because
the ‘‘donut’’-shaped radiation pattern from a LP tag results in
a better radiation coverage across all angles on the plane that
is parallel to the floor, when the tag is vertically placed than
horizontally placed.

B. NON-REPETITIVE ACTIVITIES
A variety of activities were performed to provide verification
that the CP tag can be utilized in more than just one activity.
These are classified as non-repetitive because they are usu-
ally only performed once or twice. The vertically polarized
linear tag is used throughout the rest of the experiments
because it performs better than the horizontally polarized tag
in spatial sensitivity than the horizontally placed tag. Nodding
head, shaking head, and hand-waving were 3 other activities
that were performed and were performed at location C4 in
Fig 7 (a). These are plotted in Fig. 8. It can be seen from
the plots that at the same location, any activity performed
was not able to be picked up by the LP tag, but the CP tag
demonstrated a large variation in the RSSI and the phase
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and the patterns exhibited by the activity on the RSSI and
phase can be clearly distinguishable. It is also noted that the
phase of the RFID signal varies less, and is more difficult to
observe when the RSSI variations are small, meaning that the
RSSI response is more sensitive than the phase. Additionally,
the same tests were performed on 3 different users, which
shows similar trends among the different users in Fig. 9.
Although different users perform activities differently, for
example the speed or position of the arms, the crossing arm
activity always appears to register a drop in RSSI for all
3 users.

C. REPETITIVE ACTIVITIES
Some other activities are repetitive, so they can be analyzed
down to their frequency components using fast Fourier trans-
form.We take hand-waving activity for example. The user sat
at location C4 in Fig 7 (a) and performed hand-waving at the
rate of 45 times per minutes. A timer is used to ensure the
repeatability. The measured results of the CP tag show clear,
discernable and repetitive transient hand-waving responses
shown in Fig. 10 while its frequency response shows good
correlation to the expected hand-waving rate. In contrast,
the LP tag shows small and uncorrelated RSSI variation with
respect to hand waving, and even indicates wrong hand-
waving rate from the frequency response.

Respiration, another repetitive movement due to the con-
traction and expansion of the chest, can also be detected
through our CP tag. In the experiment, the user sits at C6 posi-
tion in Fig 7 (a), which is an area directly in front of the
reader. This area generates the largest variations in RSSI.
As shown in Fig. 11, a clear transient domain respiration
pattern and 14 breaths per minute count in frequency domain
are observed from the measurement with CP tag while res-
piration pattern can be barely retrieved from LP tag in the
same plot.

From these measurement results, it is observed that the
largest variations occur when the human torso is being
blocked (crossing arms, waving) or moving (respiration),
since the torso is the largest part of the human body. This
gives further indication that the increase in sensitivity is due
to the cross polarized reflected signals.

D. SIGNAL-TO-NOISE RATIO
An FFT is performed on head nodding activity in Fig. 7
to examine the signal-to-noise ratio with both LHCP-RHCP
configuration and LP-RHCP configuration. Fig. 12 shows its
SNR plot at various locations which correspond to different
distances between the tag and the human body. The plot is
normalized to the maximum peak, whether it is CP or LP. The
‘‘noise’’ is defined as any other peak excluding harmonics
as shown in Fig. 12 (a). It is noted that at a close range,
i.e., location C5, the frequency responses between LP and CP
tags are similar as shown in Fig. 12 (c). However, the signal
level of the LP signal at a further range, i.e., location G1,
is degraded to the noise level that can be seen fromFig. 12 (a).

FIGURE 12. Measured frequency spectrum of the nodding head activity.
Each activity, head nodding, was conducted at around once every
7 seconds, which introduces a large peak at around 0.14Hz. The second
peak is due to harmonics of the signal at around 0.28 Hz. Measurement
at (a) G1 (b) E3, (c) C5 location as defined in Fig. 7 (a). Since G1 is farthest
from both the reader and the antenna, the peak for the LP tag readings is
not discernable from noise. But at (a), the peaks at 0.14Hz is discernable.
The SNR is defined as the ratio between the main peak and any other
peaks excluding the harmonics.

This demonstrates that the cross CP tag has superior SNR
performancewith an extended range and can even detect body
motions that are hidden behind noise better than their LP
counterparts.

By exploiting cross polarization between reader and tag
antennas in a RFID based non-contact sensing system,
the RSSI and phase information can be obtained with a sig-
nificantly improved signal-to-noise ratio, allowing the system
to classify human activities at a further distance or at a
smaller body movement scale like respiration. With the aid of
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machine learning, more unique features from cross polarized
RFID system can be used to better train a model and improve
the accuracy of human activity recognition.

V. CONCLUSION
We discuss how the polarization configuration between
reader antenna and tag antenna affects the performance of a
RFID based non-contact human activity detection system. For
the first time, we propose to use cross circular polarization
configuration to improve the signal-to-noise ratio which leads
to a larger sensing range and a higher spatial sensitivity
over the conventional circular reader and linear tag combina-
tion. We fabricated spiral circular polarized RFID tags and
conducted experiments in anechoic chamber environments
to verify our theory. Additional real use case experiments
were conducted using various gestures and small body move-
ments, including nodding/shaking head, waving hand and
respiration, to demonstrate the effectiveness of the proposed
approach. The presented work provides a low-cost and non-
intrusive solution for ambient computing at home and office,
and enables the healthcare solutions in hospital and other
indoor environments.
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