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Abstract — Passive sensing exploiting Wi-Fi as an
illuminator of opportunity has attracted considerable interest
for the ubiquitous presence of Wi-Fi systems in many
environments, and the relative low cost & complexity of related
passive solutions. In this paper, we consider a reference-free,
amplitude-based sensing strategy exploiting Wi-Fi signals of
opportunity and we investigate the potential advantage
conveyed by the use of polarimetric diversity on receive.
Specifically, we exploit the data collected by a dual-pol receiver
to experimentally demonstrate that the joint availability of the
signals collected by differently polarized antennas (H and V)
could remarkably enhance the detection performance of the
resulting Wi-Fi sensor, even if based on such a simple and cost-
effective reference-free sensing approach. Moreover, we analyze
the characteristics of the target signatures extracted by the
considered amplitude-based approach for either single and
dual-pol receivers, in order to investigate their suitability for
detecting and recognizing different human movements, in view
of future applications for automatic classification.

Keywords — Wi-Fi sensing, passive sensing, amplitude-based
sensing, forward scatter radar, polarimetric radar, feature
extraction.

L INTRODUCTION

The widespread proliferation of Wi-Fi Access Points
(APs) in recent years has made them excellent candidates for
illuminators to be exploited parasitically in passive radar
techniques, and cooperatively in integrated sensing and
communication (ISAC) systems. Hence, not surprisingly,
several studies in the literature have demonstrated the
suitability of Wi-Fi signals [1] for passive sensing, i.e.,
without the usage of a dedicated transmitter with the related
issues of costs, power consumption, and above all spectral
occupancy, in scenarios where the electromagnetic spectrum
is increasingly congested. Applications include detection and
localization of ground vehicles and small unmanned aerial
vehicles (UAVs) in outdoor scenarios, as well as personnel in
outdoor and indoor environments [2]-[6]. Another key aspect
of Wi-Fi sensing that has drawn considerable attention is the
human activity recognition capability for healthcare and
contactless vital signs monitoring [11]-[13].However, most
Wi-Fi based sensors rely on Channel State Information-based
approaches or on classical radar techniques. In both cases,
complex valued signals are considered to implement the
required, often adaptive, signal processing techniques in
order to mitigate the interference and focus the target echo
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energy. The use of coherent approaches that heavily rely on
the phase stability at the receiver sets strict requirements in
terms of hardware, which might increase the cost of the
sensing solution.

In contrast, the use of non-coherent sensors, namely
sensors that only exploit the amplitude of the received signals,
has the potential to relax the requirements on the receiver
design, thus enabling low-cost Wi-Fi sensing solutions [10]-
[13]. In this paper, we consider the Interference Doppler
Processing (IDP) technique that was recently proposed in [10]
for Wi-Fi sensing. The basic idea is the same as that used in
forward scatter radar (FSR) systems [11], but adapted to the
case of a pulsed signal exploiting amplitude modulated
waveforms. In [10] it was demonstrated how IDP could detect
the presence of moving targets by extracting the amplitude
modulation induced by the target echo on the main Wi-Fi
signal generated by the AP. This is obtained by implementing
a very simple receiver architecture both in terms of required
hardware and signal processing stages.

To perform a further step in our understanding of the Wi-
Fi sensing based on IDP, this work explores the information
conveyed by different polarimetric channels on receive. To
this purpose, we use the experimental data simultaneously
received at the V-polarized and H-polarized antennas
connected to a dual channel receiver. Different tests are
performed in different scenarios with different targets,
namely a bicyclist and a cooperative small UAV. It is shown
that the different polarimetric channels highlight different
information of the target’s signatures, and that this
information can be exploited in a joint manner to enhance the
detection performance.

In addition, we investigate the potential of the resulting
system in terms of classification capability. Specifically, first
we look at the impact of the target movements on the direct
Wi-Fi signal amplitude, by exploiting experimental data
featuring a person performing different arm and body
movements. The analysis shows that each movement
modulates the amplitude in a unique and remarkably stable
way, hence revealing the possibility of a human activity
classification even using such a simple sensing approach.
Moreover, we show that the target signatures collected at the
two polarimetric channels have diverse characteristics and we
explore the possibility to jointly exploit these signatures in
order to improve the discrimination capability among
different body movements. To this aim, we perform a
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clustering of the data according to a two-component Principal
Component Analysis (PCA) when using the polarimetric
channels, both separately and jointly. The analysis shows that
a better separation between the clusters and a better cluster
variance is achieved with the dual-pol approach, compared to
the case of using a single polarization on its own.

The rest of the paper is organized as follows. Section II
discusses the proposed IDP approach. Section III introduces
the setup and experimental data collection, together with
results generated using the IDP processing. Section IV
presents the experimental setup, data collection process and
the results for the classification of human activities. Finally,
Section V concludes the paper.

IL. REFERENCE-FREE AMPLITUDE-BASED SENSING

Aiming at low cost sensing solutions, the use of non-
coherent radar sensors has been investigated in the literature,
such as those based on the FSR principle [11][12]. The
application of this principle to the case of Wi-Fi sensing has
led to the definition of the Interference Doppler Processing
approach [10], which is briefly summarized in the following.

The IDP basically extracts the amplitude modulation that
the echo from a moving target induces at the receiver on the
direct signal coming from the Wi-Fi AP. This is obtained by
means of a very simple processing scheme sketched in Figure
1.

Let x,(D),l =0, ..., N, — 1 be the discrete version of the
complex baseband signal received for the pth Wi-Fi packet
emitted by the AP, composed by N, samples. First, the packet
energy is extracted, i.e., the square modulus of the signal is
evaluated, followed by an energy detector at packet level,
over a portion of N samples:

N-1

2@) = ) |5 (1
1=0

The authors in [10] have demonstrated that selecting N so
that to limit the above summation to time-invariant and data-
independent portions of the Wi-Fi packet, e.g., the PHY
Preamble, is the most suitable solution in order to maximize
the capability to distinguish the target induced amplitude
modulation from the inherent amplitude modulation of the
exploited OFDM waveforms.

Once this stage has been performed, the sequence of samples
z(p),p =0, ..., P — 1, undergoes a DC removal stage, aimed
at removing the strongest stationary scene components, above
all the direct signal from the AP:

z(p) = z(p) — zpc(p) (2)

where zp(p) represents the average value of z(p), evaluated
over an appropriate time window Tp. around the current
sample.

Finally, z(p) undergoes a time-frequency analysis that
provides as output the typical spectrogram, where the
presence of a target is detected via its Doppler signature.
Specifically, assuming that the packet emission rate is
constant over time, a short-time Fourier transform (STFT) can
be implemented that operates against partially overlapped
batches of Tgrpr seconds each, corresponding to Perpr
samples:

PstrT—1

wm) = h@)zpo +p)e o ()
p=0

where p, is the first packet of the considered batch and h(p)
is an appropriate weighting function, employed to control the
Doppler sidelobes level.

Preamble

energy
detector

xp (1) z(p) Z(p) w(m)
Figure 1. Processing blocks of the single-polarimetric
Interference Doppler Processing (IDP) scheme.

III. DETECTION RESULTS USING DIFFERENT
POLARIZATIONS

In this section we investigate the use of the IDP approach
in a dual-pol receiver with the aim of understanding the
potential advantages in terms of target detection capability.

A. Experimental setup

A dedicated campaign was conducted in a private outdoor
premise, shown in Figure 2(a), where a commercial Wi-Fi AP
(TP-Link Archer VR600 AC1600) was employed to transmit
signals according to the IEEE 802.11ac Standard [1] at a
carrier frequency of 5.18 GHz on channel 36 of the Wi-Fi
band. This device was connected to a transmitting directive
antenna (Ubiquiti UMA-D), with V polarization (see the red
square at the bottom-right corner of Figure 2(a)).

WiFi AP

®) % -

Figure 2. Experimental setup for the 1% measurement campaign: (a)
acquisition geometry; (b) dual-polarimetric antenna and USRP used
as receiver.

A dual-polarimetric antenna (Ubiquiti UMA-D) was
employed at the receive side, with H (Cross-polarization
configuration) and V (Co-polarization configuration) outputs
connected to a National Instruments NI USRP-2955 board
shown in Figure 2(b), set to a Nyquist sampling frequency of
20 MHz. The TX-RX setup is characterized by extreme
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bistatic angles. Exploiting this setup, two tests were
conducted. In test #1 a small drone acting as a cooperative
target was flown across the TX-RX baseline. In test #2 a
person acted as a cooperative target riding a bicycle across the
TX-RX baseline.

B. Test #1: small drone

This test has been conducted to investigate the detection
capabilities, exploiting different polarimetric channels for
small RCS targets. To this purpose, a small drone (DJI Mavic
Pro) was exploited as a cooperative target. Specifically, in the
performed test, the drone was flown close to the TX-RX
baseline along an orthogonal trajectory and moved away. This
pattern has been repeated two times. The first time the drone
was close to the TX-RX baseline, it stopped for about 7
seconds while rotating on itself, and then moved away losing
and regaining altitude due to some piloting uncertainty. The
second time the drone was close to the TX-RX baseline, it
stopped for about 5 seconds while rotating on itself, and then
moved away in a more regular trajectory than the first time.
The result with the co-pol configuration, namely applying the
IDP on the data collected at the V channel, has been already
shown and discussed in [14], however in this work we
investigate the difference between adopting different
polarimetric channels on receive.

To this purpose, Figure 3 reports the spectrogram obtained
at the output of the IDP processing scheme for both the V-pol
and the H-pol channels. The IDP operates with a STFT
window of Tgrpr = 0.5 s and a cancellation interval of 0.5 s;
both spectrograms have been scaled to the estimated
background level in order to show a better comparison
between the two polarizations.

In both reported cases the target signature can be well
recognized along its entire trajectory. However, some key
differences can be noted. For instance, some portions of the
target signature are characterized by a higher level depending
on which polarimetric channel is exploited.

This can be easily verified when comparing the output for
the V-pol (Figure 3(a)) and the H-pol (Figure 3(b)) data in the
time interval [5,15] s. In fact, the V-pol data shows a higher
level for the target signature. The opposite happens in the time
interval [25,32] s, where the highest level is obtained when
using the H-pol data. However, in such interval the data from
the V-pol channel shows a continuous signature compared to
the H-pol data, meaning that the target could be more reliably
detected across its trajectory. Finally, in the interval [45,55] s
the spectrogram for the data from the H-pol channel shows a
higher level as well as a more continuous target signature.

These results clearly suggest that the joint exploitation of
the two polarimetric channels enables to capture different
information of the target signature, which can lead to a better
performance in the detection of the small UAV while still
keeping limited the complexity of the sensor.

C. Test #2: bicyclist

A similar test has been conducted on a larger target,
represented by a cooperative human riding a bicycle.
Specifically, in the test performed, the target starts close to
the TX-RX baseline, crossing it while it moves away. The
spectrogram obtained for the two polarimetric channels at the
output of the IDP have been reported in Figure 4, using the
same processing parameters adopted in the previous test.

ity (m/s)

pol

e Bistatic Vel

Absolut

pol

hsolute Bistatic Velocity (m/s)

At

Figure 3. Output spectrograms obtained for the experimental test
with the small drone, for the two pol channels, i.e., V (a) and H (b).

As it can be seen, in both spectrograms obtained from the
V-pol channel (Figure 4(a)) and the H-pol channel (Figure
4(b)), the target signature can be easily discriminated from the
background up to 5s, when the bicyclist leaves the beam of
the TX antenna.

ity (m/s)

H
pol

Absolute Bistatic Velc

Time (s)

(b)
Figure 4 Test with bicycle: video frames of the exploited test (top)
and output spectrograms obtained for the two pol channels, i.e., V
(a) and H (b).

However, by exploiting the data from the H-pol channel,
an early detection of the target could be achieved compared
to the other channel (i.e., about 1s earlier), although the target
signature is affected by a larger spread along the bistatic
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velocity that possibly reveals an increased sensitivity to the
motion of the bicyclist body parts. The use of the data from
the V-pol channel, instead, allows for a finer target signature
characterization in the bistatic velocity domain that might
result in a better translational velocity estimation. Again, the
reported results show the potential benefits of employing both
polarimetric channels within the context of the IDP approach,
as they may provide complementary information on the
surveyed scene.

Iv. POLARIMETRIC FEATURES OF HUMAN
ACTIVITIES

The work showed until now has focused on analysing the
use of different polarimetric channels for detection purposes
when an IDP approach is used. This section focuses on the
use of different polarimetric channels to characterize the
target-induced amplitude modulation for classification
purposes. For this, the IDP processing chain of Figure 1 is
limited to its first stage as we analyze and compare the output
of the energy detector.

A. Experimental setup

Another experimental campaign was performed in a
different private outdoor premise, shown in Figure 5(a), with
the aim of analyzing the potentialities of an amplitude-based
approach such as the IDP in terms of human movements
discrimination and the impact of the receiver polarization on
the target-induced amplitude modulation.

The experimental setup, sketched in Figure 5(b), was
similar to the setup described in section III. The same Wi-Fi
AP and directive antenna were used as transmitter, and the NI
USRP with dual-polarized antennas were used at the receiver
in a FSR geometry with respect to the transmitter (see the
yellow square in Figure 5(a)). The distance between the
transmitting antenna and the receiving antenna in FSR
configuration (baseline) was about 8.4 m.

(b)

NI USRP
4 digitized channels

Figure 5. Experimental setup for the 2" measurement campaign:
(a) acquisition geometry, (b) sketch of the setup and components.

In this case, a person acted as a cooperative target standing

along the baseline at about 4 m from the receiving antenna,

facing the receiver and performing different movements,

considered as potential classes in a classification problem.

These were:

1. Class #1: extend and bend arms in the lateral direction
while standing.

2. Class #2: extend and bend arms in the upward direction
above the head while standing.

3. Class #3: extend and bend arms in the frontal direction
while standing.

4. Class #4: squatting down and coming back up (with no
specific indications given as to the movement of the arms
while squatting).

5. Class #5: lateral raise of arms while standing, similar to
performing a typical “jumping jack” exercise, but without
jumping.

6. Class #6: bending with the full body forward towards the
radar and backward (similar to a bowing movement).

7. Class #7: bending with the full body on the right and left
side.

Visual examples of three of the performed movements are
reported in Figure 6. For each of the aforementioned
movements, a sequence consisting of K = 6 repetitions of
such movement were collected, and the participants were
asked to take a small pause between the repetitions. For
simplicity, a metronome set to 50 bpm was used to provide
the different participants with an approximate timing
reference, aimed at having acquisitions as synchronous as
possible between different people for this preliminary study.

Figure 6. Visual example of performed movements: (a) lateral
extension of the arms; (b) frontal extension of the arms; (c) squat.

A. Polarimetric signatures

An example of the amplitude modulation induced by the
target movements on the received signal can be seen in Figure
7, where 3 repetitions for class #1 (Figure 7(a)), #3 (Figure
7(b)) and #4 (Figure 7Figure 7(c)), from the H-pol channel,
are reported. Due to the non-constant packet emission rate in
Wi-Fi transmissions, the output of the energy detector has
been resampled over a uniform time grid, in order to simplify
the comparison of different results for different tests and
classes. By comparing the sub-figures it is possible to note
that each movement induces a rather different amplitude
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modulation. A similar effect can be noticed when analyzing
the amplitude signature obtained from the V-pol channel in
Figure 8. These results highlight the fact that, in both
polarimetric channels, different movements produce unique
amplitude modulations, which might be exploited to classify
them. In this work we resort to a Principal Component
Analysis (PCA) with two components, in order to achieve a
clustering of the features extracted from the different classes.
Specifically, the amplitude signature is collected separately
for each repetition of the different movements, and stored
row-wise into a data matrix with dimensions 7K X L, where
K = 6 is the number of repetitions available for each class,
and L is the number of samples. The obtained data matrix is
then exploited for the PCA.

The output of the PCA applied in the data collected from
the H-pol channel is reported in Figure 9(a), where it can be
seen that only class #1 and class #4 are effectively well
separated, whereas the other classes cannot be distinguished
from each other since their feature samples are overlapping.
A similar result is achieved when exploiting the data collected
from the V-pol channel. In fact, the output of the PCA
reported in Figure 9(b) shows a better clustering performance,
meaning that in this case the classes do present more
differences between each other. However, despite achieving
a better clustering performance compared to the other
polarimetric channel, the feature samples of class #1, #3, #4
are still in part overlapped, whereas class #2 and #7 are
overlapped.
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Figure 7. Energy signatures from the H polarimetric channel for
class #1 (a), class #3 (b) and class #4 (c), where three repetitions of
the movement for each class are shown.

In order to achieve a better clustering performance, the
data from both polarimetric channels can be jointly exploited.
In fact, since the two polarimetric channels highlight different

information on the target movements, as it can be seen by
comparing Figure 7 and Figure 8, their joint exploitation can
potentially lead to a better clustering performance.

To do so, we first separate each repetition of each
movement for both polarimetric channels, as previously done
for the single polarization cases, so to achieve K vectors with
length L for each class. After the movement repetitions are
separated for each polarimetric channel, the amplitude
signature segments from the V-pol channel are appended to
the corresponding ones from the H-pol channel, so that for
each class we have K vectors of length 2L. It is important to
note that the data are acquired via dual-channel receiver, thus
the data for the two polarimetric channels are time-
synchronous.

Subsequently, we collect all the repetition of each class in
a data matrix with dimensions 7K X 2L that is then exploited
for the two components PCA, whose output is shown in
Figure 10. This result shows that all classes are effectively
separated in the 2D feature space, also achieving a smaller
cluster variance. Such results show that a good classification
performance could in this case be achieved by exploiting
simple classification algorithm, e.g., k-nearest neighbors, as
the feature samples are already well clustered and separated.

However, more sophisticated classification approaches
should be exploited in real-world scenarios in order to take
into account the speed variance in performing each movement
as well as other non-ideal effects. Nevertheless, the reported
analysis allowed to demonstrate the potentialities of the
proposed amplitude-based Wi-Fi sensor for classification
purposes, and the advantages conveyed by the availability of
different polarimetric channels on receive.
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Figure 8. Energy signatures from the V polarimetric channel for
class #1 (a), class #3 (b) and class #4 (c), where three repetitions of
the movement for each class are shown.
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Figure 9. Output of the PCA with two features when applied on the
data acquired from the H polarimetric channel (a), and on the data
acquired from the V polarimetric channel (b).
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Figure 10. Output of the PCA with two features applied on the joint
data from both polarimetric channels.

V. CONCLUSION

In this paper we experimentally investigated the
potentialities of a reference-free, amplitude-based Wi-Fi
sensor when equipped with two orthogonally polarized
channels on receive. Specifically, we have shown that the
joint availability of the signals collected by differently
polarized antennas (H and V) could remarkably enhance the
detection performance of the resulting Wi-Fi sensor, even if
based on such a simple and cost-effective reference-free
sensing approach. Moreover, the analysis of the target
amplitude signatures extracted for either single and dual-pol
receivers has preliminary shown their suitability for
recognizing different human movements. In particular, the
provided results have shown that, through the use of a simple
PCA feature extraction, the joint exploitation of the

polarimetric information results in better clustering of
samples related to different human movements. This might
lead to a better classification performance to be investigated
in the following steps of this work.
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