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In recent years, we have seen efforts made to simultaneously monitor the respiration of multiple persons based on the channel
state information (CSI) retrieved from commodity WiFi devices. Existing approaches mainly rely on spectral analysis of the
CSI amplitude to obtain respiration rate information, leading to multiple limitations: (1) spectral analysis works when multiple
persons exhibit dramatically different respiration rates, however, it fails to resolve similar rates; (2) spectral analysis can only
obtain the average respiration rate over a period of time, and it is unable to capture the detailed rate change over time; (3)
they fail to sense the respiration when a target is located at the “blind spots” even the target is close to the sensing devices.

To overcome these limitations, we propose MultiSense, the first WiFi-based system that can robustly and continuously
sense the detailed respiration patterns of multiple persons even they have very similar respiration rates and are physically
closely located. The key insight of our solution is that the commodity WiFi hardware nowadays is usually equipped with
multiple antennas. Thus, each individual antenna can receive a different mix copy of signals reflected from multiple persons.
We successfully prove that the reflected signals are linearly mixed at each antenna and propose to model the multi-person
respiration sensing as a blind source separation (BSS) problem. Then, we solve it using independent component analysis (ICA)
to separate the mixed signal and obtain the reparation information of each person. Extensive experiments show that with
only one pair of transceivers, each equipped with three antennas, MultiSense is able to accurately monitor respiration even in
the presence of four persons, with the mean absolute respiration rate error of 0.73 bpm (breaths per minute).
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Fig. 1. A 60-second respiration pattern of a per- Fig. 2. A typical multi-person respiration sensing scenario of Multi-
son, which is recorded by a respiration belt. Sense, where both the transmitter and the receiver are equipped with
multiple antennas.
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1 INTRODUCTION

Accurate detection and monitoring of human respiration plays a crucial role in a wide range of applications
in health care, such as sleep apnea detection [26] and sleep stage recognition [55]. The principle behind these
applications is that the rich information extracted from human respiration can provide useful insights about the
physiological state of an individual [15]. Two pieces of respiration-related information are widely used. One is
the respiration pattern in time domain, which characterizes the detailed process of inhalation and exhalation
over time [7]. Fig. 1 shows a 60-second respiration pattern measured by a commercial device (Neulog Respiration
Monitor Belt logger sensor NUL-236 [12]) when a person breathes. We can tell from the figure that an apnea
event occurs in the time interval from the 33rd to 43rd second. Another important information is the respiration
rate, which is the frequency of breaths over a period of time, and it can be extracted from the respiration pattern.
For example, by counting the number of peaks in Fig. 1, the respiration rate can be obtained as 12 bpm. Note that,
if we apply the spectral analysis to the pattern, such as FFT (Fast Fourier Transform), we will get a wrong result
of 15 bpm and also fail to capture the abnormal respiration in Fig. 1. Obviously, detailed respiration pattern over
time can provide finer-grained information about the respiration process than just the respiration rate.

A wealth of literature exists in the field of human respiration detection and monitoring. Traditional solutions [25]
usually require users to carry a device, which may cause discomfort and even affect the underlying physiological
parameters being measured [39]. Other solutions [24] leverage cameras, but they do not work in non-line-of-sight
(NLoS) scenario and also raise privacy concerns. The acoustic-based solutions [34] can achieve a high respiration
rate accuracy, however, they are vulnerable against environmental noise and have a limited sensing range (around
1m). RF-based solutions such as RFID system [18, 46] and FMCW radar [2, 49] need dedicated hardware, which
are relatively expensive. Recently, WiFi-based sensing has gained lots of research interests, as WiFi has already
been widely deployed in indoor environments and the CSI readings retrieved from commodity WiFi device can
provide rich sensing information. With the availability of WiFi CS, significant progress has been made in various
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applications ranging from human activity recognition [35, 45], indoor localization [13, 27, 41] to respiration
monitoring [4, 19-21, 33, 36, 37, 40, 48, 51-53, 55, 56].

Most previous work on WiFi-based respiration monitoring is dedicated to the single-person scenario, and it
fails to extract respiration pattern in multi-person scenario, where the CSI is simultaneously affected by the
chest movements of multiple persons. Existing approaches that monitor multi-person respiration mainly rely
on spectral analysis of the CSI amplitude to extract multi-person respiration rates. However, according to our
empirical study in Sec. 3, there are multiple obvious limitations associated with the existing approaches: (1) they
fail to sense the respiration of a person located at the “blind spots”; (2) they fail to resolve the respiration rates
when the targeted subjects have similar rates; (3) the spectrum-based approaches can only obtain the average
respiration rate but not the fine-grained respiration pattern over time which is imperative to detect abnormal
respiration (e.g., the apnea in Fig. 1). All the limitations make these multi-target sensing systems less practical
and sometimes unuseful in real-life applications. Note that, the “blind spots” issue for single-person scenario
has been addressed in [51, 52], however, the solution can not be directly applied in multi-person scenario as the
underlying theory that enables elimination of “blind spots” is based on the assumption that there is only one
breathing person. And no solution has been yet proposed for multi-person sensing.

In this paper, we introduce MultiSense, the first commodity WiFi based respiration sensing system capable of
simultaneously extracting respiration patterns of multiple persons. The key enabler for MultiSense is the multiple
antennas widely available nowadays at commodity WiFi devices. Through a theoretical analysis of how multiple
persons’ respiration affects the CSI readings, we prove that signals reflected from multiple persons are linearly
mixed at each receiver antenna. The problem can thus be modeled as the well-known blind source separation
(BSS) problem, which aims to recover the individual source signals from a given mixed signal without knowing
how they are mixed together [1]. However, there are two challenges that prevent us from directly borrowing the
solution from BSS: (1) time-varying phase offset exists in CSI readings due to time unsynchronization between
the physically separated transmitter and receiver; (2) the mixed signal at the receiver is composed of not just
signals reflected from the targets but also signals reflected from non-target static objects such as walls and direct
path signal between the transceivers. The non-target background signals need to be removed.

To address the issues, we first propose a novel signal ratio method to cancel out the time-varying phase offset
without distorting the linearity. We further measure the background CSI in advance when there is no target.
Later when there are targets, the background CSI which corresponds to the signals reflected from non-target
static objects is removed and only the components corresponding to the targets are kept. With the carefully
processed WiFi CSI from multiple antennas, we can then model the multi-person respiration sensing as a BSS
problem and solve it using the independent component analysis (ICA) method.

We design and implement MultiSense on commodity WiFi hardware to continuously recover respiration
patterns of multiple persons. Fig. 2 presents a typical multi-person respiration sensing scenario of MultiSense,
where both the transmitter and the receiver are equipped with multiple antennas. However, we want to point out
that MultiSense does not require both the transmitter and receiver to have multiple antennas. As long as the
receiver side is equipped with multiple antennas, the proposed method has no problem to work and nowadays
it is very common for the WiFi access point to be equipped with multiple antennas. For example, to monitor
two-person respiration, we can equip the receiver with three antennas and the transmitter with only one antenna.
To validate the effectiveness and robustness of the proposed system, we conduct comprehensive experiments
with different subjects in different environments. The underlying principle of our approach is quite different
from that of the traditional spectrum-based approaches. Leveraging the BSS scheme, our approach can efficiently
separate and recover respiration signals reflected from multiple persons as long as these signals are independent
of each other, which has been validated through a set of experiments in [49].

The main contributions of the work can be summarized as follows:
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e We propose a novel method to cancel out the time-varying phase offset without distorting the linear
mixture of WiFi CSI. We believe this general method will benefit not just respiration sensing but a lot of
other sensing applications.

e Based on both rigorous theoretical analysis and real-life experiments, we demonstrate that multi-person
respiration sensing can be modeled as a BSS problem, which can be efficiently solved by the ICA method.
Such idea will provide researchers a new perspective for contactless multi-person sensing.

o We implement MultiSense on commodity WiFi devices and evaluate it through extensive experiments. For
the first time, MultiSense is able to extract respiration patterns with only a pair of transceivers even in the
presence of four persons, outperforming the state-of-the-art approaches.

The remaining of the paper is organized as follows. Sec. 2 survey the state-of-the-arts. Sec. 3 employs experi-
ments to visualize the limitations of existing approaches. Sec. 4 presents how the literature on BSS is utilized to
extract respiration pattern of each person from WiFi CSL. Sec. 5 presents the detailed design and implementation
of the prototype system MultiSense. Sec. 6 presents the experimental setup and evaluation results. Sec. 7 discusses
the limitations and opportunities followed by a conclusion in Sec. 8.

2 RELATED WORK

Our work is related to the past work on RF-based respiration sensing, which can be grouped into the following
two groups.

Radar-based Respiration Sensing. FMCW radar emits signals modulated with a linear frequency occupying
a wide channel band (1-2 GHz) [31]. A basic feature of FMCW radar is the ability to measure the distance of the
reflector from the device. In Vital-Radio [2], FMCW radar is employed to separate signals reflected from different
persons based on the signal’s propagation time, thus enabling multi-person respiration sensing. However, it
fails when multiple persons are closely located since the time differences of the reflected signals are too small
and it is extremely challenging to separate them. DeepBreath [49] demonstrates that the respiration signals of
multiple individuals can be recovered from the received RF signals via ICA method. However, dedicated expensive
hardware makes it less practical for everyday home usage. Also the large bandwidth (1.5 GHz in [49]) is not
available on commodity WiFi hardware. In this work, we would like to employ cheap commodity WiFi hardware
(with a limited bandwidth of 20/40 MHz) already pervasively deployed in the home environment for multi-person
respiration sensing.

Besides the FMCW radar, other approaches include continuous-wave (CW) Doppler radar and ultra-wideband
(UWB) pulse radar. CW Doppler radar emits a signal with a constant frequency and amplitude, and processes
the received echo signal that is reflected off a moving target [8]. CW radar leans on a relatively simple design.
However, the performance is easily affected by environmental noise and multipath reflections. UWB pulse radar
emits short pulses, and receives the echo signals in the silent period [32]. In contrast to the CW Doppler radar, the
large 1-2 GHz bandwidth enables it to eliminate interference and multipath [16]. However, such a wide bandwidth
requires a precise control of pulse width and radar peak signal strength [14], which unavoidably increases the
hardware complexity and cost.

WiFi-based Respiration Sensing. The WiFi-based approaches can be broadly grouped into two categories
based on whether they are able to monitor respiration in the presence of multiple persons.

(1) Single-person respiration sensing. Wi-Sleep [20] is among the first few proposed sleep monitoring system
that can extract rhythmic respiration patterns from WiFi signals in single-person scenario. The authors
further improved the performance in [21] where both sleeping postures and abnormal respiration patterns
are taken into consideration. These systems are all based on one observation that the CSI amplitude
in time domain shows a clear sinusoidal-like pattern, corresponding to the single-person’s respiration
process. Wang et al. [33] introduce the Fresnel zone theory to explain why the “blind spots” issue occurs
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for single-person respiration sensing. FullBreathe [51] demonstrates the complementarity between phase
and amplitude for respiration sensing and propose to employ both amplitude and phase to remove the
amount of “blind spots”. The latest work — FarSense [52] pushes the respiration sensing range from room
level (2-4 meters) to house level (8-9 meters) by utilizing a new metric called CSI ratio, which is defined
as the ratio of CSI readings collected from two antennas hosted on one WiFi hardware. Solutions have
been proposed in prior work [51, 52] to address the “blind spots” issue in single-person scenario. However,
the proposed methods cannot be directly applied in multi-person scenario as the underlying theory that
enables elimination of "blind spots" is based on the assumption that there is only one breathing person.

(2) Multi-person respiration sensing. In multi-person scenario, the CSI measurement is affected by multiple
independent chest movements simultaneously. It is thus nontrivial to extract the respiration pattern of each
individual from the entangled CSL. Inspired by the observation that the frequency of respiration coming
from two persons may be still preserved if the CSI amplitude is transferred to frequency domain, Liu et al.
[19] present the first attempt to estimate respiration rate in two-person scenario by analyzing the power
spectral density (PSD) of CSI amplitude in frequency domain. However, based on the Fresnel zone theory, a
breathing person at a certain location may have little effect on CSI amplitude. Wang et al. [33] point out
that the “blind spots” issue greatly affects the performance of the method proposed in [19]. While these
systems leverage CSI amplitude for respiration sensing, PhaseBeat [36] demonstrates that multi-person
breathing rates can be estimated by applying root-MUSIC algorithm [28] to the CSI phase difference
between two antennas. Based on the assumption that the observed CSI phase difference is the sum of
multiple sinusoidal respiration patterns, TensorBeat [37] leverages the tensor decomposition technique to
extract the respiration patterns of multiple persons from the CSI phase difference data. TR-BREATH [4]
first projects WiFi CSI into the TRRS (Time-Reversal Resonating Strength) feature space and then applies
root-MUSIC algorithm to estimate the respiration rates of multiple targets. These methods assume that
the respiration rates of different people are distinct, and the performance degrades when different people
have similar respiration rates. Furthermore, most of them are based on the spectral analysis, thus they can
only obtain the average respiration rate but are not able to extract the detail respiration pattern over time.
Inspired by the Fresnel zone theory [33, 53], Yang et al. [48] manage to monitor multi-person respiration
by optimizing the deployment of WiFi transceivers so that each transceiver pair’s transmission is only
affected by one target. However, such method requires to know the accurate location of each person in
advance and as long as one person changes the location, the system may not work.

Differently, with theoretical analysis and carefully processed WiFi CSI from multiple antennas, we successfully
model the multi-person respiration sensing as a BSS problem. MultiSense is able to robustly and continuously
extract not just the respiration rate but the detailed respiration patterns over time for multiple persons without a
need of specific WiFi hardware deployment.

3 ILLUSTRATIVE EXAMPLE

In this section, to visualize the limitations of traditional approaches, we conduct a simple experiment in a multi-
person scenario, where three breathing persons sit on the couch. The groundtruths of their respiration rates are
{15 bpm, 18 bpm, 20 bpm}, each of which is collected with a commercial device (Neulog Respiration Monitor Belt
logger sensor NUL-236 [12]). Here, we take the traditional approach presented in [19, 33] for example. First, the
hampel filter and a moving average filter are applied to remove the outliers and high-frequency noise in the CSI
amplitude. Second, FFT (Fast Fourier Transform) scheme is applied to convert the time-domain CSI amplitude to
frequency domain. According to [19], for three persons, the spectrum is expected to show three strong peaks in
frequency domain corresponding to the respiration rates of three persons.
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lines label the ground-truth respiration rates.

Limitation 1. Fig. 3 shows one result when the three persons breathe normally. Fig. 3 (a) is the CSI amplitude
in time domain and Fig. 3 (b) is the corresponding plot in frequency domain. Note that we multiply the raw
frequency value by a factor of 60 to convert the unit from hertz (Hz) to breaths per minute (bpm). The three
ground-truth respiration rates are denoted as dashed vertical lines in the figures. From Fig. 3 (b), we can observe
two strong peaks corresponding to the ground-truth respiration rates {15 bpm, 20 bpm}. However, we fail to detect
respiration of the last person whose respiration rate is 18 bpm. This person is actually located at the so-called
“blind spots” where his respiration can not be effectively sensed by using only CSI amplitude. This phenomenon
can be explained by the Fresnel zone theory [33, 51, 53], which proves that a person located at the “blind spots”
has very little effect on CSI amplitude and thus can hardly be detected.

Limitation 2. With this “blind spots” issue in mind, we ask the person whose respiration rate is 18 bpm to
move to a location which is not a “blind spot” and breathe naturally. Fig. 4 (a) and Fig. 4 (b) show one of the
experimental results. In Fig. 4 (b), we can observe three strong peaks that correspond to the three ground-truth
respiration rates. Then, we ask the third person to slightly increase his respiration rate to 19 bpm while keeping
all three persons’ locations unchanged. The results are presented in Fig. 4 (c) and Fig. 4 (d). As shown in Fig. 4 (d),
the two peaks corresponding to the ground-truth respiration rates {19 bpm, 20 bpm} fully merge into one peak.
Thus, we can see that the traditional approach fails to resolve two respiration rates when they are too close to
each other.

We obtain similar results with the method proposed in PhaseBeat [36], which adopts root-MUSIC algorithm to
estimate the frequency components from the CSI phase difference. The experiments in this section demonstrate
the two critical limitations of the prior multi-person respiration sensing systems that rely on spectral analysis of
CSI amplitude or phase difference.
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4 MODELLING OF WIFI-BASED MULTI-PERSON RESPIRATION SENSING

In this section, we show how the multi-person respiration sensing can be successfully modeled as a BSS problem
based on CSI retrieved from commodity WiFi devices.

4.1 Preliminary

4.1.1 BSS and ICA. BSS (Blind Source Separation) refers to reconstructing unknown sources s(¢) from given
observations x(t), which result from the mixture of s(t) going through unknown propagation channels [1].
The BSS problem can be efficiently solved by a technique called ICA (Independent Component Analysis), if
three assumptions are satisfied [30]: (1) the sources are non-Gaussian; (2) the sources are mutually statistically
independent; (3) the mixture is of linear nature. Fig. 5 gives a detailed illustration of how ICA method works for
BSS. As shown in the figure, the mixing process can be established as:

x(t) = As(t) (1)

where A is an M X N unknown mixing matrix and the components in s(t) = [sl(t) s2(t) ... s N(t)] T are N unknown
source signals. ICA method attempts to find a N X M demixing matrix W, such that

y(t) = Wopsx(t) (2)

where W,,; = A lisan approximation of the inverse of the original mixing matrix A and y(¢) = §(¢) is an
approximation of the sources [3]. The basic idea of ICA is to make the output signals y(¢) as non-Gaussian
as possible. In practice, iterative methods are used to maximize a given cost function that measures the non-
Gaussianity, such as kurtosis and differential entropy [30].

The ICA method varies with the relationship between the number of the components in the observations
(i.e., M) and that of independent components (i.e., N). In the case that M > N, the learning rule becomes much
complex as the pseudo-inverse of matrix A is involved [38]. In the case that M < N, the independent components
are not fully identifiable in most cases because A is non-invertible and the known information to the system is
inadequate to represent the full space of the independent components [23]. For simplicity and without losing
generality in this paper, we consider the case of the complete ICA where M = N.

4.1.2  WiFi CSI. WiFi CSl is a complex value to describe how the WiFi signals propagate from the transmitter to
the receiver through multiple paths at a certain carrier frequency. Mathematically, CSI characterizes the linear
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superposition of signals from all the paths, and it can be expressed as below:

L
. d;(t)
x(f.1)= Y Ay T 3)
i=1
where L is the total number of propagation paths, A;(t) is the amplitude attenuation factor, d;(t) is the length of
the i*? propagation path and 1 is the wavelength of carrier frequency f. Further, for commodity WiFi devices,
since the physically separated transmitter and receiver are not time-synchronized, there is a time-varying phase
offset #(¢) in each CSI sample as below [52]:

d;(t)

L
x(f.1) = e 00y An)e @
i=1

4.2 Effects of Multi-person Respiration on WiFi CSI of Multiple Antennas

First, we consider the effect of multi-person respiration on WiFi CSI with just one transmitting antenna and
one receiving antenna. According to prior work [35], the propagation paths in Eq. 4 can be grouped into static
paths and dynamic paths. The dynamic paths consist of the path reflected from each person’s chest while the
static paths consist of the line-of-sight (LoS) path and the paths reflected from static objects such as walls in the
environment. Since the chest movement caused by human respiration is 5-12 mm [22], which is much smaller
than the meter-level distance between the target and the devices, the signal amplitude of the reflection path can
be considered as a constant. Based on the analysis above, the CSI in Eq. 4 can be rewritten as below:

di(t)

N
x(f, 1) = e 4O Ae T 4+ b) 5)
i=1

where N is the number of breathing persons, d;(t) is the path length of signal bouncing off the i*# human chest
and b is the background static signal corresponding to static paths. When the i*# person breathes, the reflection
path length d;(t) increases or decreases corresponding to the chest movement during the exhalation or inhalation,
then x(f, t) changes accordingly. For better illustration, we define the following term:

Definition 4.1. Respiration Signal of a person is defined as a complex number e‘jzn#, where d(t) is the
path length of signal reflected off his/her chest during respiration and A is the wavelength.

The goal of multi-person respiration sensing is to extract the respiration signal e /2™ 5o (i=12..,N)
corresponding to the respiration of each individual from Eq. 5.

Next, we consider the scenario when multiple antennas are available at the WiFi transceivers. Assuming that
we have P transmitting antennas and Q receiving antennas, we are able to obtain a CSI reading from each antenna
pair. What’s the relationship among the total M CSI readings where M = PQ? To answer this question, we need
to first present two important observations. The prior work [51, 52] on single-person respiration sensing presents
one key observation: for each person, when he/she moves a short distance (a few centimeters), although the
reflection path length of each antenna pair changes, the length difference of reflection paths between two antenna
pairs can be considered as a constant. Fig. 6 presents a brief illustration. Since the signal propagation path is much
longer than the antenna spacing D, the path length difference between adjacent antennas can be expressed as
Dsin 6, where 6 is the angle-of-arrival (AoA) of the incident signal. For millimeter-scale chest movement caused
by respiration, the AoA of the signal reflected from human chest basically remains unchanged, thus the length
difference of the reflection paths between two antennas can be considered constant. Another observation is that,
for commodity WiFi devices, the time-varying phase offset in Eq. 5 is the same across different antenna pairs
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since all the transmitting antennas share a same RF oscillator [13] and this is also the case for all the receiving
antennas.

With these two key observations, we start to investigate the relationship between CSI readings of two different
antenna pairs. Without loss of generality, we pick any two CSI from the total M CSI readings and rewrite them

as follows:
dy,i(2)

{ x(f.t) = e T9OEN | A e 7 4 by)

: L dyi(0) A . o dyi(t) (6)
xo(fot) = e THO(EN Ay 172775 4 by) = e TSO(EN (Ay ;e 27 )e I TE + by)
where x1(f, t) is the first CSL x,(f, t) is the second CSI and d; ;(t) — dy,;(t) is the path length difference between
the two paths reflected by the i*# person for the two selected antenna pairs, which is a constant based on the first
observation above. To simplify Eq. 6 for easier illustration, we employ s;(f, t), a1,; and ay,; to represent the terms:
o dy,i(?) o dp i(t)=dy i(t)
e = si(f,1), Ar; = ar; and Ay je /%7 ST = as,;. We can then simplify Eq. 6 as:
{ xi(f,1) = e_]:¢(t)(25\i1 a,isi(f,t) + b1)
x(f, 1) = e 7P O(SY, agisi(f, 1) + b)
where s;(f, t) is the respiration signal of the i** person according to Def. 4.1. Interestingly, we can find that both
CSI readings are a linear mixtures of s;(f,t) (i = 1,2, ..., N) and the background static signal.
The same analysis can be applied to the remaining M — 2 CSI readings, and they have the same form as Eq. 7.
From this result, we can conclude that the signals reflected from multiple persons are linearly mixed at each
receiving antenna. At last, we rewrite all M CSI readings in the form of matrix as below:

x(f,1) = e 7D(As(f, ) + b) ®)

where x(f,t) = [xl(f, t) x2(f, 1) ... xm(f, t)] T represents the CSI readings of all antenna pairs, ¢(t) is the time-
varying phase offset, A is the M X N mixing matrix with each element a; ; in the i’ " row and the j** column,

dp i(t)-dy (1)
A

™)

s(f,t) = [sl(f, t) s2(f, ) ... sn(fs t)] T represents the source respiration signals and b = [b1 by ... bM] T represents
the background static signal.

4.3  The Challenge in Applying ICA to WiFi-based Multi-person Respiration Sensing

Obviously, whether the ICA method can be applied to separate multi-person respiration signals depends on
whether the three assumptions in Sec. 4.1.1 are satisfied. As shown in [49], the respiration signals of different
people are generally independent of each other and non-Gaussian. Unfortunately, by comparing Eq. 8 with
Eq. 1, we find the CSI from commodity WiFi still suffers from an extra time-varying phase offset ¢(t) and the
background static signal b. Thus, we cannot directly apply ICA to separate multi-person respiration signals with
the raw CSI retrieved from commodity WiFi devices.

A straightforward thought is to cancel out the time-varying phase offset and remove the background static
signal so that ICA method can be applied. One method was proposed in the state-of-the-art [52] that employs the
ratio of CSI readings from two antennas to cancel out the phase offset. Unfortunately, such division operation
distorts the linearity of the mixture. In other words, the ratio of two linear mixtures of s;(f,¢) (i = 1,2, ..., N)
cannot be represented by a linear mixture of s;(f,t) (i = 1,2, ..., N) any more as shown below:

x(f ) eIPOEN apisi(f ) +b2) By agisi(f.1) + by 4 ia s(f.0) + b 9

=— = 0,i8i(f, 0
xa(fsr)  eI0O(EN ayisi(fit) +b) TR avisi(f.t) + by =1 -

where ag; (i = 1,2,...,N) and by are complex constants. This can be easily proved by contradiction that the

product of two linear mixtures are nonlinear. Thus, canceling out the time-varying phase offset without distorting
the linearity for respiration sensing is actually a challenging task.
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4.4  Making ICA Work for WiFi-based Multi-person Respiration Sensing

In this subsection, to make ICA work, we present our novel method to process the raw CSI readings retrieved from
commodity WiFi. The process consists of two steps: (1) time-varying phase offset cancelation; (2) background
static signal removal.

4.4.1 Time-varying Phase Offset Cancelation. As shown in Eq. 9, the linearity is distorted by the division operation
while both the numerator and denominator are the linear mixtures of s;(f, t). Interestingly, we find that, if the
denominator x;(f,t) to the left of Eq. 9 does not contain the respiration signals s;(f,t) (i = 1,2,...,N), i.e,
x1(f,t) = e 79", the linearity can be kept as below:

(10)

XZ(f’ t) = eiqu(t)(zfil az’iSi(f’ t) + bZ) = A{\il az’iSi(f’ t) hl bz = ZN: &S(f t) + &
x1(f, 1) e~ i (Dp, b, 2.5, S0

We call this CSI x;(f,t) = e 7¢Dp,  the reference CSIL For convenience, we denote it as xref(f, t) = e‘j¢(t)p,
where ¢(t) is the time-varying phase offset and p is a complex-valued constant.

To obtain such a special reference CSI, we rely on the following insight. As shown Sec. 4.2, all M CSI readings
contain the same time-varying phase offset, and each of them is the linear mixture of source respiration signals
si(f,t) (i = 1,2, ...,N). This enables us to null out the respiration signals by employing a weighted sum of all CSI
readings. By carefully adjusting the weight of each CSI reading, the coefficient of each respiration signal s;(f, t)
in the weighted sum may equal to 0. If we can do this, the weighted sum is exactly our wanted reference CSI.
Mathematically, the weighted sum of all M CSI readings can be represented as the product of the transpose of a

M x 1 weight vector g = [gl gz ... gM]T and the M X 1 observation matrix x(f, t) as below:

xsum(f’ t) = gTX(f’ t)
= gTe7PD(As(f, 1) + b) (11)
= e 9D (g As(f. 1) + g"b)

where s(f,t) = [s1(f, 1) s2(f. 1) ... sn(f. 1)] ! represents the source respiration signals, g” A is the corresponding

1 X N coefficient matrix and b = [b1 b, ... bM] ’ represents the background static signals. We attempt to find a
M x 1 weight vector gop; such that

optA =0 (12)
where 0 is a 1 X N zero vector. If Eq. 12 is satisfied, the weighted sum in Eq. 11 does not contain the respiration
signals s;(f,t) (i = 1,2,..., N). And the reference CSI can be obtained as x,.¢(f,t) = e 790y, where p = goTptb.
However, we have to answer two questions for this construction: (1) whether there exists the nontrivial solution
8op: for Eq. 12, as the trivial solution g,,; = [O 0... O] T does not make sense; (2) how to obtain the nontrivial
solution go,;.

Answer to question 1. Actually, by taking the transpose operation on both sides of Eq. 12, we have:

ATgop: =0 (13)

where AT is a N x M matrix and 0 is a N X 1 zero vector. Obviously, Eq. 13 is a homogeneous system of linear
equations that has N equations and M variables (g1, g2, ..., gum). Recall the well-known theorem in linear algebra
that, a homogeneous system of linear equations in which there are more variables than equations must have
some nontrivial solutions [6]. Thus, there must be some nontrivial solutions 8op: to satisfy Eq. 13, given that
M > N. That’s to say, to ensure that Eq.13 has nontrivial solutions, the number of antenna pairs needs to be
larger than that of breathing persons. Fortunately, the commodity MIMO WiFi cards such as Intel 5300 [10] and
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Atheros AR9580 [44] can support three antennas, which provides at most nine antenna pairs. Thus, theoretically,
we are able to construct such reference CSI to support sensing of up to eight persons.

Answer to question 2. Unfortunately, since we have no knowledge about the detailed value of each element
in AT, we are not able to directly obtain the nontrivial solution g,,; by solving Eq. 13. Instead, we turn it into an
optimizing problem, and find g,,, that makes the weighted sum in Eq. 11 meet our expectation by maximizing or
minimizing an objective function. Our selection of objective function is based on the following insight. If the
1 X N coefficient matrix g’ A in Eq. 11 equals to 0, xg,m(f, t) will not contain any respiration information and its
amplitude keeps constant over time. Thus, in the spectrum of its amplitude, very little energy is concentrated in
the range of normal respiration rate (10-30 bpm [29]). And the CSI seems to be measured in a static environment.
Thus we propose the following definition to act as the objective function:

Definition 4.2. Respiration Energy Ratio (RER) of a time series of CSI measurements is defined as the ratio
of respiration energy to the overall energy in its amplitude.

The calculation of RER consists of two steps: (1) take FFT of the amplitude of xs,,,(f, t) over a time window of
30 seconds; (2) divide the energy sum of all FFT bins in the range of normal respiration rate (0.167-0.5 Hz) by the
energy sum of all FFT bins. Then the genetic algorithm [9] is utilized to find g,,; by minimizing the objective
function above. We choose the generic algorithm because it has the ability to avoid being trapped in a local
optimal like traditional gradient-based methods that search from a single point. Once g, is obtained, we can
construct the reference CSI based on Eq. 11, where x,ef( f,t)= e‘j¢(t)ggptb. Then, by the division operation, we
cancel out the time-varying phase offset without distorting the linearity as below:

x(f,t) e ?D(As(f, 1) +b) (é
Xref(fit) e ¢y T

s(ft) + 2 (14)
U

where x(f,t) = [x1(f. 1) x2(f, 1) ... xm(f, t)]T represents the raw CSI readings of all antenna pairs, A is the
M X N unknown mixing matrix, s(f,t) = [sl(f, ) s2(f, 1) ... sn(f, t)] T represents the source respiration signals,

b= [bl b, ... bM] ’ represents the background static signals and p = gOTptb is the complex-valued constant.

Fig. 7 shows an example of constructing the reference CSI. The raw CSI in Fig. 7 (a) is measured in a static
environment without any moving targets. Obviously, the CSI amplitude keep nearly constant with a very small
RER of 0.0020. The CSI in Fig. 7 (b) is measured in the presence of two breathing persons, whose ground-truth
respiration rates are 14 bpm and 16 bpm, respectively. We can observe the large fluctuation in CSI amplitude
and its RER is 0.6439, which is much larger than that in static environment. The reference CSI in Fig. 7 (c) is
constructed by CSI readings of three antenna pairs in the two-person scenario above. By minimizing the RER, the
reference CSI is obtained with little respiration information, which is comparable to that in static environment.

4.4.2  Background Static Signal Removal. To remove the background static signal % in Eq. 14, we measure CSI in
the static environment without any moving objects:

X (f, 1) ~ [e—j¢>(t)b1 e I9Wp, . e—j¢(t)bM] T _ ity (15)
where b is the background static signal in Eq. 8. Note that the time-varying phase offset of CSIin static environment

is different from that in multi-person scenario, as they are measured at two different timestamps. Thus, we use
the same weight vector g,,; obtained in Sec. 4.4.1 to construct reference CSI in static environment as below:

X0 (fo1) = glpeX (fo 1) = 90l b = 790, (16)
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Fig. 7. The CSI amplitudes and the corresponding spectrums generated by FFT: (a) in a static environment; (b) in
the presence of two breathing persons; (c) our constructed reference CSl for the scenario in (b). By minimizing the
RER, we obtain the reference CSI comparable to the CSl in static environment, which meets our expectation. The red
dashed lines in the figure label the range of normal respiration rate. And RER is the sum of all FFT bins in the range.

where p = ggptb is a complex-valued constant according to Sec. 4.4.1. Then, the background static signal in
multi-person scenario can be approximated by the division operation as follows:

X(fi) _e#b b

i ~ — == (17)
< 0 e g
After these two steps, the processed CSI can be finally obtained as:
x(f.t)  x(f,) A
Xnew(f, 1) = -7 ~ (=)s(f.1) (18)
ew f xref(f’ t) xref(f’ t) H f

which is exactly the linear mixture of each person’s respiration signal that we want. Now the ICA method can
finally be applied to the processed CSI for separating the source respiration signals.

Based on the literature on blind source separation by ICA, our approach can efficiently extract the source
respiration signals as long as they are mutually independent of each other. Such condition holds true [49] even
when two persons have similar respiration rates. This is because breathing is a natural physical activity and two
persons’ respiration processes have a extremely small chance to be fully synchronized over time (same rate and
have peaks at exactly the same time). While the prior work can only present the average respiration rate, our
approach can recover the detailed respiration patterns over time for each individual person, which can be utilized
to detect abnormal respiration such as tachypnea, bradypnea and apnea. The reason why the “blind spots” do not
exist in our system is illustrated in Sec. 5.3.2.

5 THE MULTISENSE SYSTEM

In this section, we will present the system workflow of MultiSense with a detailed introduction of each module.
The sketch of the MultiSense system is shown in Fig. 8. It consists of four basic modules: Data Collection, Data
Preprocessing, Multi-person Respiration Separation and Segment Matching.
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Fig. 8. The MultiSense system overview.

5.1 Data Collection

We collect CSI data from the receiver using the CSI tool [10], which reports the complex-valued CSI samples for
each received packet. The Intel 5300 WiFi card in receiver is configured to run at a central frequency of 5.24 GHz
with a sampling rate of 200 Hz for reporting CSI, and it provides CSI information on 30 sub-carriers. Unless
specified otherwise, the transmitter and the receiver are both equipped with three antennas, which provides
nine antenna pairs. Thus, at each timestamp, we can obtain a 9 X 30 CSI matrix. One thing to note, MultiSense is
adaptive to the scenarios where either the transmitter or the receiver has less than three antennas, as long as the
number of antenna pairs is larger than that of persons.

5.2 Data Preprocessing

5.2.1 Segmentation. When there are large motions, MultiSense will not be able to accurately monitor respiration
for multiple persons. First, the length difference of reflection paths between two antenna pairs cannot be considered
as a constant since the angle-of-arrival of the reflected signal corresponding to a large motion changes. Therefore,
the CSI readings of different antenna pairs are no longer linearly related to each other as before in Eq. 6. Second,
the signal amplitude of the reflection path corresponding to a large motion cannot be considered as a constant. In
such case, the mixing matrix A in Eq. 8 becomes time-varying. Thus, we need to segment the CSI streams when
we detect large motions.

Here, we introduce the motion detector proposed in WiDetect [54] to flag periods of time when one of the
targets moves. Based on a statistical model that comprehensively leverages all existing multipath components
indoors for motion detection, WiDetect achieves almost zero false alarms for whole-home coverage using only a
pair of transceivers. Then the time series of CSI readings can be splited into a series of stable periods. And the
CSI measurements in each stable period is further segmented into a series of 30-second pieces, which are fed into
the subsequent processing modules.

5.2.2  Sub-carrier Selection. As shown in Sec. 5.1, when both transmitter and receiver are equipped with three
antennas, we get a 9 X 30 CSI matrix at each timestamp. Thus, the CSI measured in 30 seconds with a sampling
rate of 200Hz is a 9 X 30 X 6000 tensor, as shown in Fig. 9 (a). Since each sub-carrier experiences different
multipath fading and shadowing efffects, the CSI readings of different sub-carriers have varying sensitivity to
subtle respiration sensing. Thus, we just include those so-called "good" ones for respiration sensing. The selection
is based on the following insight. A low RER of a time series of CSI readings for a certain sub-carrier indicates a
low possibility that it contains useful respiration information, hence it should be excluded.

Asillustrated in Fig. 9, the selection consists of three steps. First, for the time series of CSI readings corresponding
to each antenna pair and sub-carrier, we calculate its RER as in Sec. 4.4.1. Second, for each sub-carrier, we estimate

2 As shown before, this condition is necessary for constructing the so-called reference CSL
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Fig. 9. Illustration of sub-carrier selection: (a) a 9 X 30 X 6000 CSI tensor for the CSI measured in 30 seconds; (b) a 9 X 30
RER matrix; (c) a 1 X 30 matrix, whose element is the average of elements in corresponding column of (b).

its RER by averaging the RER of all antenna pairs. Third, let the maximal RER among all 30 sub-carriers be ¢, we
just select those sub-carriers whose RER is larger than 0.8¢.

5.2.3 CSl Processing. For each selected sub-carrier, we process the CSI through two steps described in Sec. 4.4.
In the presence of N breathing persons, we just utilize the CSI of N + 1 antenna pairs to construct reference CSI
rather than that of all antenna pairs, as it helps to reduce unnecessary system overhead to some degree. Then, we
divide the raw CSI of all antenna pairs by the reference CSI to cancel out time-varying phase offset.

Next, we estimate the background static signal and subtract it to obtain the final CSI. As demonstrated in [42],
the background signal does not change in a short period of time as long as there is no significant change in the
environment (e.g., the furniture moves). Thus, our system records the background signal at system startup as the
initial estimation and updates the background signal estimation periodically to handle the changing multipath.

Initialize Estimation. According to Sec. 4.4.2, we processed the CSI data measured in static environment to
obtain the background static signal. Theoretically, we need just one CSI sample for this step. In our implementation,
we record 1-second CSI data (i.e., 200 samples) and further average the approximation result of all samples within
one second to get a robust approximation.

Update Estimation. Basically, there are two kinds of movements that result in the change in multipath:
one is the movements that induce static-path change (e.g., a piece of furniture is moved to another location)
and the other is the movements that induce dynamic-path change (e.g., people are moving around). For the
latter case, the moving subjects induce dynamic reflection components, and these signals are not considered
as static background signal. If the surrounding people are far enough away from the transceivers, the impact
of their motions on MultiSense are negligible. In the former case, as the furniture introduces a static reflection
component, the background signal changes after the furniture movement. In the last segment (i.e., 30-second
CSI data before the furniture movement), let the time-series CSI after phase offset cancelation be u;(¢), and the
background signal estimated be b;. In the current segment, let the time-series of CSI after phase offset cancelation
be u;(t). To estimate the current background signal b,, we rely on the following insight. As described in Sec. 4.4,
the CSI after phase offset cancelation consists of two parts: one is the background static signal and the other
is the sum of respiration signals from all subjects. If the subjects breathe naturally and do not move around
(i.e., they are semi-stationary), the mean of the respiration signal over a relatively large time window (multiple

3Using a large amount of data, we tested different coefficients of the threshold, ranging from 0.4 to 0.9 at a step size of 0.05. And we empirically
chose 0.8¢ for sub-carrier selection.
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Fig. 10. An example of applying RobustICA to respiration signal separation in two-person scenario: (a) and (b) the
processed CSI of two antenna pairs in complex plane; (c) and (d) the recovered two respiration signals and the
corresponding denoised version in complex plane.

respiration cycles) is approximately constant, because the inhalation and exhalation induced signal variations will
cancel each other out [49]. This constant value is only related to the subject and is independent of the furniture

movement. Thus, we have: u;(t) — by = uz(t) — by. Then, the current background signal b, can now be estimated
as: us(t) — uy(t) + by.

5.3 Multi-person Respiration Separation

In this subsection, for each selected sub-carrier, we apply ICA method to separate the source respiration signals and
extract each person’s respiration pattern from the complex-valued respiration signal. And a multiple sub-carriers
combining scheme is further adopted to get the robust respiration patterns.

5.3.1 Respiration Signal Separation. For each sub-carrier, we obtain the time series of processed CSI from multiple
antenna pairs. And the ICA method can be applied to separate respiration signals. As shown in Sec. 4.1.1, for
simplicity and without loss of generality, we consider the case of the complete ICA where the number of antenna
pairs equals to that of breathing persons. That is to say, in the case of N persons, we just take the processed CSI
of N antenna pairs as the input of ICA. The antenna pair selection is based on the similar strategy as before in
sub-carrier selection: for each selected sub-carrier, we just select the corresponding top N antenna pairs that
have a larger RER among all antenna pairs.

Here, we adopt the RobustICA algorithm proposed in [50] to separate respiration signals. The algorithm
performs independent component analysis by iteratively maximizing the kurtosis contrast function with algebraic
optimal step size. RobustICA works for complex-valued signals and it shows a very high convergence speed
measured in terms of source extraction quality versus numbers of operations. The output of RobustICA is the
complex-valued respiration signals of N persons. Ideally, they are in the form of s;(f,t) = e #, where d;(t)
is the path length of signal reflected off the i*" human chest. As the chest movement caused by human respiration
is 5-12mm [22], the locus of s;(f, t) in complex plane is a circular arc (part of a full circle) during respiration.
What’s more, when a person inhales, the reflection path length d;(t) decreases, then s;(f, t) rotates along the
circular arc counterclockwise in complex plane.

Fig. 10 shows an example of respiration signal separation using RobustICA in two-person scenario for sub-
carrier 7. As shown in the figure, the dots are the time series of samples and the colored lines are the denoised
version after Savitzky-Golay filter which can effectively preserve the envelope of the raw waveform [5]. The
ground-truth respiration rates are 19 bpm and 20 bpm. The processed CSI of two antenna pairs is presented in
Fig. 10 (a) and Fig. 10 (b). And the output of RobustICA is presented in Fig. 10 (c) and Fig. 10 (d). We can observe
that the locus of each person’s respiration signals is a circular arc in complex plane, which meets our expectation.

—jer
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Fig. 11. An example of projecting a time series of respiration signal in complex plane:
(1) the respiration signal and two opposite axes (i.e., axis 1 and axis 2) that maximize
the variance; (b) projection results on two corresponding axes in (a).

5.3.2  Respiration Pattern Extraction. A Savitzky-Golay filter [5] is first applied to smooth the complex-valued
respiration signal. Then, to extract respiration pattern from the smoothed respiration signal, we adopt the
state-of-the-art method proposed in [8], which consists of the following two steps. First, as shown in Fig. 11 (a),
we linearly combine the real/imaginary parts of the respiration signal z by projecting it on an axis [cos 6 sinf| in
complex plane as follows:

r(0) = [cos 0 sin 0] [?{(z) S(Z)]T (19)

where R(z) and J(z) are the real/imaginary parts of respiration signal z, respectively. Second, by varying 6 from
0 to 27, we select the one that maximizes the variance of r(6).

However, prior work ignores a problem that it fails to differentiate two opposite projection axes as their
corresponding results have the same variance with r(6) = —r(0 + ), as shown in Fig. 11 (b). In real word, limited
by the computer accuracy, the two projection results may have slightly different variances, which makes the
method randomly select one of the two results in Fig. 11 (b). If the method proposed in [8] is applied directly,
in some cases an ascending waveform corresponds to exhalation (e.g., projection result on axis 1 in Fig. 11 (b)),
while in other cases it corresponds to inhalation (e.g., projection result on axis 2 in Fig. 11 (b)).

Here, we want MultiSense to be similar to the commercial respiration belt, that is, an ascending waveform
always corresponds to the inhalation. To achieve this goal, we first apply the extended differentiate and cross-
multiply (DACM) algorithm proposed in [17] to estimate the rotation direction of the respiration signal in complex
plane. The algorithm computes a rough derivative to the arctangent-demodulated phase information, where a
positive derivative exactly corresponds to the counterclockwise rotation direction and vice versa. Second, we
apply PCA to obtain an initial respiration pattern. Third, we check whether the trend (upward or downward) of
the initial respiration pattern matches the rotation direction (counterclockwise or clockwise) of the respiration
signal. In the case that the respiration signal rotates counterclockwise (i.e., inhalation) but the waveform drops,
we switch the initial projection axis to its opposite direction and obtain the corresponding respiration pattern.

Now, we illustrate why the “blind spots” do not exist in our system. If the respiration signal in Fig. 11 is
projected on an axis [cos(G + /2) sin(0 + n/ 2)], which is perpendicular to the circular arc, the projection result
will have litter fluctuation. The subtle variation can easily be buried in noise without a detection. Obviously,
for each respiration signal, different projection axes have different capabilities in terms of sensing respiration.
As shown in Eq. 5, in multi-person scenario, the respiration signals of multiple persons are mixed together in
the CSI. Traditional approaches simply project the complex-valued CSI into its amplitude, thus all respiration
signals share the same project axis. However, a good projection axis for respiration signal of one person may be a
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Fig. 12. An example of respiration pattern clustering in two-person scenario: (a) the total six normalized patterns from
three sub-carriers (i.e., 5, 6, and 12); (b) each cluster contains three respiration patterns that belong to the same person.

bad one for that of another person, thus resulting in the “blind spots” issue. Different from the prior work that
projects the mixed respiration signals into one axis, our approach separates the respiration signals of multiple
persons and project each respiration signal on its unique best axis to extract the pattern, thus the “blind spots” do
not exist.

5.3.3  Multiple Sub-carriers Combining. Up to now, for each sub-carrier, we obtain N respiration patterns that
correspond to N persons. Given that there are K selected sub-carriers, we get N X K respiration patterns in total.
As shown in Fig. 12 (a), we obtain six respiration patterns from three sub-carriers (i.e., 5, 6 and 12) in two-person
scenario, where the ground-truth respiration rates are 19 bpm and 20 bpm. To combine the respiration patterns of
K sub-carriers, we have to first pick up the respiration patterns that belong to the same person.

Obviously, by removing the ambiguity in Sec. 5.3.2, the respiration patterns of different sub-carriers that belong
to the same person are now in-phase and very similar to each other. Thus, two patterns from different sub-carriers
that have a higher correlation are more likely to belong to the same person. Here, we utilize the correlation-based
K-means algorithm [11] to cluster the N X K respiration patterns into N clusters, where each cluster is the set of
respiration patterns that belong to the same person. As shown in Fig. 12 (b), each cluster contains three elements
that are highly correlated to each other. Then, for each cluster, we combine the contained respiration patterns by
employing a weighted sum of them, where the weight of each pattern is its RER value. Mathematically, the final
combined respiration pattern from the cluster C can be represented as:

Tmse = Z RER(r) X r

reC

(20)

where r is the element (i.e., the 30-second respiration pattern) in the cluster C and RER(r) is the RER value of the
time series of respiration pattern r. Note that our system does not focus on extracting the respiration rate but the
time series of respiration pattern. Here, we estimate the respiration rate by finding the peaks in the respiration
pattern as in [51].
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Fig. 13. An example of segment matching in two-person scenario. The matching problem can be solved by two steps:
(a) for each segment, we match the respiration signals of a selected sub-carrier i with the MSC respiration patterns
(e.g., zi(t1,1) © rmse(ts, 1) and zi(t2, 2) & rmse(t2, 1)); (b) we match the respiration signals of sub-carrier i across
two segments (e.g., z;(t1, 1) © zi(t, 2)). Finally, we manage to match rpsc(t1, 1) with rp,sc(f2, 1).

5.4 Segment Matching

After multi-person respiration separation in Sec. 5.3, we get N multiple sub-carriers combined (MSC) respiration
patterns that correspond to N persons for each segment (i.e., 30-second CSI data). The last step is to stitch the
respiration patters from two adjacent segments that belong to the same person. Take the two-person scenario
for example. In the first segment, we have two respiration patterns ry,s.(t1, 1) and r,s.(t1, 2). And in the next
segment, we get another two respiration patterns r,,s.(f2, 1) and rp,sc(t2, 2). One problem that arises is that
whether {rmsc(t1, 1), Tmsc(t2, 1)} or {fmsc(t1, 1), Tmsc(t2, 2)} belong to the same person. Obviously, the correlation
between two respiration patterns is not a proper metric to differentiate the two cases since the respiration pattern
of the same person may change across two segments.

Fig. 13 presents an example of segment matching in two-person scenario. As shown in the figure, we solve the
matching problem by two steps: (1) for each segment, we match the respiration signals of a selected sub-carrier
i with the MSC respiration patterns; (2) we match the respiration signals of sub-carrier i across two adjacent
segments. As shown in the figure, if the two steps are achieved, we can finally match r,s. (1, 1) with r5c(t2, 1).
Here, we choose sub-carrier i as the one that has the largest RER among all 30 sub-carriers (in Sec. 5.2.2) in the
first segment. And we also include sub-carrier i in the second segment for multi-person respiration separation.

Step 1. Recall that, in Sec. 5.3, for each selected sub-carrier, each of its respiration signals is projected on an
axis in complex plane to generate the corresponding respiration pattern. Then the patterns from all selected
sub-carriers (including sub-carrier i) are clustered and combined to generate the final MSC respiration patterns.
Thus, for each respiration signal of sub-carrier i, we know which MSC respiration pattern’s combination process it
participate in. In other word, we can directly match each respiration signal of sub-carrier i with the corresponding
MSC respiration pattern that it participate in combination.

Step 2. For the second step, we rely on the following insight. For sub-carrier i, each column of the M x N
mixing matrix (% in Eq. 18) is a M X 1 vector, which represents how the respiration signal of a certain person
contributes to the processed CSI from M antenna pairs. We know from Eq. 6 and Eq. 7 that, for sub-carrier i, each
element of the M X 1 vector is a complex number, which is mainly determined by two factors: (1) the amplitude of
the path reflected off the person; (2) the angle-of-arrival of the signal reflected off the person. Obviously, the two

Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 4, No. 3, Article 102. Publication date: September 2020.



MultiSense: Enabling Multi-person Respiration Sensing with Commodity WiFi « 102:19

factors are both highly associated with his/her physical location, and they varies from person to person. Even if a
person slightly changes his position, he/she is still in the same general location and hence the mixing matrix
of his/her respiration just changes by a small amount. Thus, for sub-carrier i, two respiration signals from two
adjacent segments that have the more similar M X 1 mixing vector are more likely to belong to the same person.
Here, we define the following similarity metric to measure the similarity of two complex-valued M X 1 vectors
Ay and Ajy:

| AL () — A (D)

| A (D] + [A(D)] (21)

M
LA, Ag) = Y (1=
i=1

where A; (i) and Ay(i) are the complex-valued elements in the i*" row of A; and Ay, respectively. Obviously, a
larger value of the similarity metric indicates a higher similarity between two mixing vectors. Recall that, in
Sec. 5.3.1, in the presence of N persons, we just take the processed CSI of N antenna pairs as the input of ICA,
thus we have M = N in Eq. 21. One thing to note, for sub-carrier i, we select the same N antenna pairs across
two adjacent segments.

Now, for sub-carrier i, we leverage the similarity metric in Eq. 21 to match its N respiration signals in the first
segment with that in the second segment. After applying ICA to the processed CSI of N antenna pairs in the j"
segment (j = 1, 2), we obtain N respiration signals (z(t;, 1), z(t;, 2), ..., z(tj, N)) and N corresponding N X 1 mixing
vectors (£ (tj, 1), Z(tj,2),...,L(tj, N)). To represent the matching of respiration patterns across two segments,
we introduce a term o, which is the permutation of (1,2, ..., N). For example, there are six permutations for
N = 3, namely, (1, 2,3), (1,3,2), (2,1,3),(2,3,1), (3,1, 2) and (3, 2, 1). Then, such a permutation ¢ indicates that
the respiration signals of two segments are matched as follows:

7(t1,1) & z(ty, 0(1)), z(t1, 2) & z(ty, 0(2)), ..., z(t;, N) < z(t2, 0(N)) (22)

Obviously, there are totally N! possible permutations. For each possible permutation o, based on Eq. 21, we define
the following consistency metric to capture the likelihood that all N respiration signals in the first segment are
correctly matched with that in the second segment:

N
Lo = ) LT (t,0), (12, () (23)
i=1

where 7 (t1,1i) and I (3, o(i)) are the corresponding mixing vectors of respiration signals z(t1, i) and z(t;, o(i)),
respectively. We go through all possible permutations and select the one that has the largest consistency metric.
By the two steps above, we finally match N MSC respiration signals in the first segment with that in the second
segment. By stitching the respiration patterns across two adjacent segments, we are able to obtain the continuous
respiration patterns for continuous monitoring.

6 EVALUATION

In this section, we conduct comprehensive experiments to evaluate the performance of MultiSense with commodity
WiFi devices. In Sec. 6.1, we describe the experiment setup. In Sec. 6.2, we zoom in and evaluate the two key
components of MultiSense, i.e., recovered detailed respiration patterns of multiple persons and segment matching.
In Sec. 6.3, we compare MultiSense with the state-of-the-art approaches in terms of respiration rate accuracy.
In Sec. 6.4, we evaluate the robustness of MultiSense in challenging scenarios, i.e., the WiFi AP is located in
another room. In Sec. 6.5, we further investigate the impact of ambient motion (i.e., the motion from others in the
environment) on the performance of MultiSense.
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(b)

Fig. 14. The experimental setup in two scenarios: (a) all subjects sleep on a bed in the bedroom;
(b) each subject sits on a couch or chair in the living room.

6.1 Experimental Setup

6.1.1 Devices. In all experiments, we use two GigaByte mini-PCs equipped with cheap Intel 5300 WiFi cards as
transceivers. The receiver is configured to work under the monitor mode to capture packets from the transmitter.
Unless specified otherwise, both the transmitter and receiver are equipped with three omnidirectional antennas.
The frequency of WiFi channel is set to 5.24 GHz with a bandwidth of 20 MHz. And the transmitter sends 200
packets per second at a transmission power of 15 dBm. To obtain the ground-truth respiration of multiple persons,
we ask each of them to wear a commercial Neulog respiration belt [12].

6.1.2  Environments. As shown in Fig. 14, we evaluate the performance of MultiSense in two scenarios: (1)
multiple subjects sleep on a bed (1.9 m X 2.4 m) in a bedroom; (2) multiple subjects sit on a couch or chair in a
living room (4 m X 7.5 m). Both environments have many furniture and electrical appliances, which create rich
multipath. For the sleeping scenario in Fig. 14 (a), we mount the transceivers on the ceiling with a spacing of
2.7m between them. And we can adjust the height of transceivers from 1.6 m to 2.8 m with the help of a hanger.
For the sitting scenario in Fig. 14 (b), we place the transceivers on two tripods. As demonstrated in the prior work
[19, 52], to better capture the millimeter-level chest movement caused by respiration, the antennas of transceivers
are placed horizontally in the sleeping scenario and vertically in the sitting scenario.

6.1.3  Participants. We recruited 21 participants, i.e., 12 males and 9 females, aged from 14 to 57. Their natural
respiration rates range from 14 bpm to 22 bpm. Some participants have dramatically different respiration rates
and some have similar rates.

6.2 Evaluation of the Components of MultiSense

To the best of our knowledge, MultiSense is the first commodity WiFi based system that is capable of continuously
monitoring the respiration patterns of multiple persons even they have similar respiration rates. In this subsection,
we evaluate the two key components of our system, i.e., respiration pattern recovery and segment matching.

6.2.1 Experiment Settings. We conduct experiments in two different environments, as shown in Sec. 6.1.2. For
both environments, we instruct the subjects to sit or lie at different locations with a distance between each other
ranging from 5 cm to 150 cm. Specifically, for the living room environment, the subjects have the option to sit
at just one side or both sides of the transmitter-receiver LoS path. In the bedroom environment we can adjust
the height of transceivers with a fixed LoS path length of 2.7 m, while in the living room environment we can
change not only the location but also the distance between the transceiver pair. In each environment, we conduct
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Fig. 15. An example of recovered respiration patterns and the ground-truth patterns in three-person scenario.

experiments by varying the subjects’ locations with respect to the transceivers and clearly state in which part of
the Fresnel zones each target is located. We measure the background CSI without any target in the environments.

In each environment above, the two-person, three-person, four-person and five-person scenarios are all
evaluated. For simplicity, we use the term 1 X 3 MIMO to represent the transmitter is equipped with one antenna
while the receiver is equipped with three antennas. In two-person scenario, we test MultiSense with 1 x 3 MIMO,
2 X 3 MIMO and 3 x 3 MIMO. And in three-person, four-person and five-person scenarios, we test MultiSense
with 2 X 3 MIMO and 3 x 3 MIMO. * We collected a total of 483 hours of data for our experiments.

6.2.2 Evaluation of Respiration Pattern Recovery. Here, we compare the obtained respiration patterns with the
ground-truths obtained from the respiration belt [12]. To quantitatively evaluate the sensed detailed respiration
patterns over time, we adopt the metric of correlation coefficient to measure the similarity between the recovered
patterns and the ground-truth patterns. Obviously, the optimal value for the correlation coefficient is 1, which
would happen if the recovered pattern exactly matches the groundtruth pattern. A higher correlation value
indicates a more accurate respiration pattern recovered. To clearly visualize the results, we show them from
two aspects: one is the detailed respiration patterns in one of the above settings and the other is the average
correlation coefficient under each of the various settings.

Respiration Pattern. Fig. 15 shows three recovered respiration patterns and the corresponding ground-truth
patterns when three persons sit on the couch and MultiSense runs with 3 x 3 MIMO. While subject 1 is located at
the boundary of Fresnel zone, subject 2 and subject 3 are located in the middle of the Fresnel zone. We see from
Fig. 15 (a) and Fig. 15 (b) that MultiSense is able to separate two respiration patterns even when they are very
similar to each other. Fig. 15 (c) shows that MultiSense can clearly capture irregular respiration patterns such as
the apena that occurs in the time interval from the 9th to 22nd second. For all the experiments, no matter in
which part of the Fresnel zones the targets are located, our system can always obtain clear respiration patterns,
matching the groundtruth well. The experimental results show that the performance of MultiSense is not affected
by target locations with respect to the transceivers.

Correlation Coefficient. Note that the sampling rate of the respiration belt is 100 Hz. Thus, to compute
the correlation coefficient for each 30-second interval, we downsample the recovered respiration patterns from
200 Hz to 100 Hz. A natural question is what correlation value is considered good enough? We take the conclusion
from [49] that an ideal recovery would show a correlation value higher than 0.9. Fig. 16 presents the average
correlation coefficients in two-person, three-person, four-person and five-person scenarios with different numbers

4 As shown in Sec. 4.4.1, to construct reference CSI in three-person scenario, we need at least four antenna pairs, which is inadequate with
1 X 3 MIMO.
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Fig. 16. The average correlation coefficient Fig. 17. An example of segment matching in two-person scenario. The

in each of the various settings. ground-truth respiration rates in the first, second and third minute of
subject 1and subject 2 are {16 bpm, 20 bpm, 16 bpm} and {20 bpm, 16 bpm,
20 bpm}, respectively. The respiration rate of each subject changes at the
60th and 120th second.

of antennas. The figure shows that our MultiSense can always achieve a higher than 0.86 correlation coefficient
in the presence of less than five persons when 3 x 3 MIMO is employed. We also notice that even with just 1 x 3
MIMO, MultiSense achieves a correlation coefficient of 0.892 in two-person scenario. We also observe that with
the same number of antennas, the correlation coefficient slightly drops in the presence of more persons. The
experimental results demonstrate the effectiveness and high accuracy of MultiSense in respiration pattern sensing
in two-person, three-person and four-person scenarios. In theory, MultiSense is able to recover respiration
patterns of eight persons with 3 X 3 MIMO. However, in our real-world experiments with 3 X 3 MIMO for
five-person scenario, the correlation coefficient drops to 0.786. We believe the performance degradation with
more than four persons is owing to the undermined linearity in signal mixture. As shown in Sec. 4.1.1, blind
source separation using ICA relies on the assumption that the independent and non-Gaussian components are
linearly mixed. However, in reality, the unavoidable hardware noise interferes with the signal separation process
(e.g., the time-varying phase offset cancelation in Sec. 4.4.1), thus distorting the linearity of the mixture and
accordingly degrading the performance of ICA.

6.2.3  Evaluation of Segment Matching. As the same in Sec. 6.2.2, we show the evaluation results from two aspects:
one is the continuous respiration patterns for a period of three minutes in one of the settings described in Sec. 6.2.1
and the other is the overall accuracy of segment matching. We report the accuracy of segment matching by
adopting the metric — the proportion of correct matches, which is the number of correct matches divided by
the total number of matches. A match is considered correct if two segments that belong to the same person are
matched while is incorrect if two segments that belong to different persons are matched together.
Respiration Pattern. Fig. 17 shows an example of segment matching when two subjects lie in the bed and
MultiSense runs with 1 X 3 MIMO. The ground-truth natural respiration rates of subject 1 and subject 2 are
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16 bpm and 20 bpm, respectively. In the first and the third minutes, both two subjects breath naturally. In the
second minute, we ask subject 1 to increase his respiration rate to 20 bpm and ask subject 2 to decrease his
respiration rate to 16 bpm. Based on our proposed method in Sec. 5.4, we need to identify the six respiration
patterns belong to the same person and stitch them together. With this, we can combine six 30-second segments
into one three-minute continuous pattern. As shown in Fig. 17 (a), the number of peaks in the first, second and
third minute are 20, 16 and 20, respectively. This segment matching result obtains the respiration of subject 2.
And the continuous pattern in Fig. 17 (b) corresponds to the respiration of subject 1. The respiration patterns
of six segments are correctly stitched sequentially as expected. Note that, if we simply stitch two respiration
patterns with similar respiration rates, we will get wrong results, i.e., one continuous pattern corresponds to a
constant respiration rate of 16 bpm in three minutes and the other corresponds to that of 20 bpm in three minutes.
Accuracy. The overall average accuracy in two-person scenario is 98.5% while that in three-person scenario
is 95.3%. And it drops to 90.7% in four-person scenario and 81.4% in five-person scenario. Unsurprisingly, the
matching accuracy decreases with more persons. Note that when multiple persons keep moving, the consistency
relationship between two adjacent segments in time degrades. However, we want to point out that the main
focus of our work are those scenarios people are not moving all the time such as sleeping and watching TV.

6.3 Comparison with Previous Approaches

In this subsection, we compare MultiSense with four state-of-the-art WiFi-based multi-person respiration sensing
approaches [4, 19, 36, 37] in terms of respiration rate accuracy.

6.3.1 Baseline Approaches.

e TVS.> TVS [19] uses the CSI amplitude for respiration sensing. TVS first utilizes the Hampel filter and a
moving average filter to remove the outliers and high-frequency noise in the CSI amplitude. Then TVS
employs a threshold-based method to select sub-carriers that have larger variance of CSI amplitude. At last,
TVS takes FFT to transform the time-domain CSI amplitude to frequency domain. In the presence of N
persons, N peaks are selected in the spectrum corresponding to the estimated respiration rates.

e PhaseBeat. PhaseBeat [36] uses the phase difference between CSI readings of two antennas for respira-
tion sensing. DWT (Discrete Wavelet Transform) is first applied to remove high-frequency noises. Then
PhaseBeat employs the root-MUSIC algorithm to estimate the frequency components in the denoised CSI
phase difference.

o TensorBeat. TensorBeat [37] first removes the direct current component and high-frequency noises in CSI
phase difference. Then, TensorBeat constructs the CSI tensor data using the calibrated CSI phase difference
from different packets, sub-carriers and antenna pairs. Next, canonical polyadic decomposition is applied
to obtain the periodical respiration signals. A peak detection method is further applied to estimate the
respiration rates for multiple persons.

o TR-BREATH. TR-BREATH [4] first calculates the TRRS matrix using the calibrated CSI where the time-
varying phase offset has been removed. Then, TR-BREATH performs temporal smoothing on the TRRS
matrix to suppress the spurious estimates due to interference and noise. Next, root-MUSIC algorithm
is applied to generate the respiration rate candidates. These candidates are further fed into the affinity
propagation and cluster merging algorithms to obtain multi-person respiration rate estimation.

6.3.2 Experimental Results. We present the evaluation results from two aspects: one is the detection rate of each
approach in two-person scenario versus the respiration rate difference between two persons, and the other is the
mean absolute respiration rate error of each approach versus the number of persons. The detection rate is defined

SFor convenience, we use the term “TVS” (Tracking Vital Signs) to represent the multi-person respiration sensing system proposed in [19].
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Fig. 18. The comparison with previous approaches from two aspects: (a) the detection rate versus the respiration
rate separation in two-person scenario; (b) the mean absolute respiration rate error versus the number of persons.
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a

the respiration rate error is less than 0.5 bpm), and Ny, is the total number of collected CSI measurements [52].

Detection Rate. To investigate the impact of respiration rate difference of human subjects on the performance
of each approach, we evaluate four respiration rate separations in two-person scenario, namely, 0.5 bpm, 1 bpm,
1.5bpm and 2 bpm. We ask each subject to move to a location which is not a “blind spot” as described in Sec. 3.
As shown in Fig. 18 (a), when two targets have dramatically different rates, all the systems work relatively well
while MultiSense achieves the highest detection rate. However, when two targets have very similar respiration
rates, MultiSense outperforms the other four systems.

Mean Absolute Respiration Rate Error. We plot the mean absolute errors of respiration rate for two-person,
three-person, four-person and five-person scenarios in Fig. 18 (b). The figure shows that the mean absolute error
of MultiSense is 0.21 bpm in two-person scenario and slightly increases to 0.42 bpm in three-person scenario. In
contrast, in three-person scenario, TVS gets a mean absolute error of 2.04 bpm while PhaseBeat achieves an error
of 1.33 bpm. The mean absolute errors for TensorBeat and TR-BREATH are 1.19 bpm and 0.71 bpm, respectively. A
larger than 1 bpm error is usually unacceptable for real-life applications. In four-person scenario, only MultiSense
achieves an error of less than 1 bpm, that is, 0.73 bpm. However, in five-person scenario, all approaches get errors
larger than 1 bpm. Compared to our approach, there are two main reasons for the worse performance of the
four baseline approaches. First, they fail to resolve two similar respiration rates. Second, they fail to estimate
respiration rate of a person located at “blind spots”. We also observe that in each scenario, PhaseBeat achieves a
lower mean absolute error than TVS. We believe this is because CSI phase difference contains less noise than CSI
amplitude and also the root-MUSIC algorithm is able to achieve a higher frequency resolution than FFT. The
experimental results demonstrate that MultiSense outperforms the existing WiFi-based multi-person approaches
in terms of respiration rate accuracy.

Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 4, No. 3, Article 102. Publication date: September 2020.



MultiSense: Enabling Multi-person Respiration Sensing with Commodity WiFi « 102:25

A Transmitter of setup i

E%The subject tracked [ | The highlighted area
== 5

| f
Nyl

H&SS
e ] &
2 g %
b U

Fig. 19. The experiments for NLoS scenario are conducted ~ Fig. 20. Experiment settings for investigation of am-
in a typical home with three different transceiver setups, bient motions. The subjects tracked breathe naturally
namely setup 1,2 and 3. while others walk in the highlighted area.

M»

I

M»

6.4 Performance in Challenging Scenarios

In this subsection, we evaluate MultiSense’s performance in challenging scenarios, i.e., two subjects have NLoS
path with the sensing devices. To evaluate the capability of MultiSense to recover respiration patterns in NLoS
scenarios, we conduct experiments when the WiFi transmitter is placed in a different room from the receiver
with a 8cm-thick wall in between. This is a realistic scenario in the home environment as the Wi-Fi access point
can be located in a different room. As shown in Fig. 19, we conduct experiments in a typical home environment
with three different transceiver setups, namely setup 1, 2 and 3. For each setup, the two subjects sit on the sofa or
a chair.

For all the NLoS scenario experiments, the average correlation coefficient between recovered respiration
pattern and groundtruth is 0.906, and the mean absolute error of respiration rate is 0.48 bpm. The results indicate
the MultiSense has no problem to reliably recover respiration pattern even in the challenging NLoS scenario
when there is a wall between the transmitter and receiver. For two persons, the mean absolute error of respiration
rate in NLoS scenario is higher than that in LoS scenario (0.21 bpm) in Sec. 6.3. This is because the signal reflected
off each target becomes even weaker after penetrating the wall.

6.5 Impact of Ambient Motion

To study the effect of ambient motion, i.e., the motion from others in the environment, we conduct additional
experiments in two-person scenario in a large office room (7.5m X 9 m), as shown in Fig. 20. In the experiments,
we vary the distance between each subject and the LoS path from 1.5m to 3.5m at a step size of 0.5 m. > And We
further vary the distance between the transmitter and receiver from 2.5 m to 5.5m at a step size of 0.5 m. Besides
the two subjects under respiration monitoring, we ask others to walk randomly in the eight highlighted areas in
Fig. 20 (i.e., the areas indicated by S1-S8).

The experimental results show that MultiSense can tolerate ambient motions as long as the transceivers are far
from these motions. For instance, given that the subjects tracked are 2.5 m away from the transceivers with a

SHere, the distance between a target and a transceiver pair is defined as the average distance from the target to the transmitter and the
receiver [52].
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LoS path length of 3.5 m, MultiSense gets a mean absolute respiration rate error of 0.23 bpm when the distance
between the motion and the transceivers is larger than 4 m. In this case, if the motions occur at the distance of 3m
to the transceivers, the error increases to 2.27 bpm. To certain degree, when the distance between the motion and
the transceivers increases, the performance is improved. We also notice that a shorter LoS path length helps to
increase the tolerance of MultiSense to the ambient motions that occur at the same distance to the transceivers.

7 LIMITATION AND DISCUSSION

In this section, we present and discuss several limitations of this work.

7.1 Prior Knowledge of the Number of Persons

When we perform blind source separation using ICA method, the number of persons is required as the input.
An inherent characteristic of ICA is that it cannot identify the actual number of source signals in general [30].
Basically, there are two ways to address the challenging issue when applying the ICA method. One is to employ
a people counting system to estimate the number of targets in the environment, e.g., the WiFi-based system
Wi-Count [47]. The other solution consists of two steps: (1) take different numbers as the input of ICA and
generate multiple candidate results by performing ICA with each number; (2) select one from the candidate
results based on a certain strategy, e.g., by maximizing the RER of the separated source signals.

7.2 Matching the Respiration Pattern to Each Person

In Sec. 5.4, for continuous monitoring, we manage to stitch multiple respiration patterns belong to the same
person. However, we still have no idea whom each continuous respiration pattern belongs to. On one hand, even
if we do not know whom each pattern belongs to, as long as one irregular respiration pattern is identified, we can
still detect an abnormal respiration event. On the other hand, a potential method is to employ multi-dimensional
information such as AoA (Angle of Arrival), ToF (Time of Flight) and Doppler shift [43] to locate each individual
target in the environment.

8 CONCLUSION

This paper presents MultiSense, the first commodity WiFi based system to simultaneously recover detailed
respiration patterns of multiple persons even they have similar respiration rates and are physically closely
located. Different from prior work, MultiSense can extract not only the respiration rates but also the detailed
respiration patterns over time, which is imperative to track abnormal respiration. Extensive experiments show
that MultiSense is highly accurate with a mean absolute respiration rate error of 0.73 bpm even in the presence of
four persons with only a pair of Wi-Fi transceivers.

The theory behind MultiSense is that the multi-person respiration sensing can be modeled as a BSS problem,
which can be efficiently solved by ICA method. We believe such an idea provides a new perspective for contactless
multi-person sensing. In addition, we propose a novel signal ratio method to cancel out the time-varying phase
offset without distorting the linear mixture of WiFi CSI. We believe the proposed method contributes to not
only fine-grained WiFi sensing, but also other wireless sensing scenarios where there is a lack of tight time
synchronization between transmistter and receiver.
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