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Abstract—This paper demonstrates the measurement of
respiration waveform during sleep with a noncontact radar
sensor. Instead of measuring only the respiration rate, the
methods that allow monitoring the absolute respiration displace-
ment were studied. Absolute respiration displacement can in
theory be measured with a quadrature microwave Doppler radar
sensor and using the nonlinear demodulation as the channel
combining method. However, in this paper, relative respiration
displacement measures were used as a reference. This is the
first time that longer data sets have been analyzed successfully
with the nonlinear demodulation method. This paper consists
of whole-night recordings of three patients in an uncontrolled
environment. The reference respiration data were obtained from
a full polysomnography recorded simultaneously. The feasibility
of the nonlinear demodulation in a real-life setting has been
unclear. However, this paper shows that it is successful most of
the time. The coverage of successfully demodulated radar data
was ~58%-78%. The use of the nonlinear demodulation is not
possible in the following cases: 1) if the chest wall displacement
is too small compared with the wavelength of the radar; 2) if the
radar data do not form an arc-like shape in the I Q-plot; or
3) if there are large movement artifacts present in the data. Both
in academic literature and in commercial radar devices, the data
are processed based on the presumption that it forms either an
arc or a line in the 7 Q-plot. Our measurements show that the
presumption is not always valid.

Index Terms—Doppler radar, breathing patterns, radar

measurements, non-contact respiration measurement.

I. INTRODUCTION

EOPLE sleep roughly a third of their lifetime. Sufficiently

long and good quality sleep is essential for daytime
performance and well being. Chronic sleep deprivation can
lead to type 2 diabetes, depression, hypertension, heart failure,
stroke, memory and learning problems, as well as increased
risk of traffic accidents due to daytime sleepiness [1], [2]. The
largest causes of chronic sleep deprivation are sleep apnea and
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nocturnal movement disorders such as restless legs syndrome.
In the general adult population, the prevalence of obstructive
sleep apnea has been estimated to be 3—7% in men and 2-5%
in women [3].

The capacity of sleep laboratories is not large enough to
account for the number of sleep disorder patients. Currently,
only the ones suffering from severe symptoms are diagnosed
and treated. However, with early diagnosis and intervention,
it is possible to increase capacity, reduce overall costs, and
quickly improve patients’ quality of life. Therefore, affordable
and robust methods, which facilitate early detection of those
in need of an intervention and/or enable low-cost follow-up of
the intervention, are highly needed.

Full polysomnographic (PSG) recording is the gold standard
method for sleep monitoring because it is accurate and reliable.
However, there are also drawbacks in PSG recording:
1) An extensive set of measurement electrodes and other
sensors need to be attached to the person. This takes approx-
imately one hour of preparation time each night from a
skilled technologist. This makes the measurement expensive
and impractical to be used for monitoring longer than one or
two nights. 2) Attaching several sensors to a patient may also
disturb sleep, thus leading to erroneous information.

There have been numerous efforts for developing the
PSG recording with a reduced or an alternative set of sensors
for long-term home monitoring [4]-[6]. In clinical sleep
evaluations, portable sleep monitors are mainly used in
conjunction with a comprehensive sleep evaluation [7]. The
recording is often called as ambulatory PSG. In current clinical
practice, if certain requirements are met, an ambulatory
PSG device can be used for diagnosis of obstructive sleep
apnea (OSA) [6]. In that case, the portable monitor must
record airflow, respiratory effort, and blood oxygenation,
at minimum [7]. Examples of commercial ambulatory
PSG devices include [8], [9]. Devices with only one or two
sensors also exist. Commercial setups include, for example, a
snore and SpO, sensor combination (such as WatchPAT [10])
or a single-channel device with a nasal cannula (such as
ApneaLink [11], [12]). For long-term monitoring, however,
these sensors unavoidably cause some inconvenience.

There are also methods that do not require the user to wear
any sensors. Sleep Cycle sells a mobile application that uses
nighttime microphone recording for apnea screening [13].
Force sensors placed under mattress or under the supports
of the bed has been studied for detection of sleep-disordered
breathing [14], [15]. Earlier works including the use of
force sensors are Static charge sensitive bed (SCSB) [16]
and EMFit sensor [17]. The aforementioned methods enable



long-term monitoring of sleep disorders and therefore facilitate
also the monitoring of the effect of treatment. In more recent
applications, self-monitored sleep data can be viewed with a
mobile device. Beddit has developed a pressure sensor strip
that is placed under the bedsheet and data analysis software
for sleep data viewing [18], [19]. Wristband devices such as
FitBit [20], Lark [21], and Jawbone Up [22] use a wrist-worn
accelerometer to determine sleep and awake cycles. These
applications are mainly targeted for consumers for long-term
self-monitoring and do not measure parameters relating to
apnea or other sleep disorders.

In this active field of research and development for
long-term monitoring of sleep, microwave radar sensor offers
one option. The first commercial products using microwave
radar monitoring of sleep are bedside consumer products
developed by ResMed: SleepMinder, HSL-101 for Omron,
and Renew Sleep Clock for Gear4. Very recently, ResMed
launched an S+ device and mobile application [23]. These
devices are targeted for self-monitoring of sleep at home, and
the devices can measure parameters such as sleep duration,
sleep onset time, number and time of awakenings during
night, and so on. In addition, S+ estimates sleep stages (light
sleep, deep sleep, and REM). Moreover, Japanese Nintendo,
previously known mainly for its video games, is expected to
launch a sleep monitoring application that is based on Resmed
technology [24].

Recently, Lee et al. [25] were the first to show that
different types of breathing patterns can be recorded with
a radar sensor. A test subject was instructed to emulate the
following breathing patterns for a short time period: normal
breathing, Kussmaul’s breathing, Cheyne-Stokes respiration,
ataxic breathing and Biot’s breathing, Cheyne-Stokes variant,
central sleep apnoea, and dysrhythmic breathing. The patterns
were only recorded, not recognized automatically.

Quantitative analysis of radar monitoring of sleep with
considerably large patient groups (n varies between
75 to 113 subjects) has been presented in [26]-[28] by
ResMed. The team has gained good quantitative results with
radar monitoring. The separation of sleep and wake stages
with an overall per subject accuracy of 78% was presented
in [27]. An automated sleep/wake pattern classification was
based on measuring movements in 30 second epochs. The
radar sensor was demonstrated to gain similar accuracy to
wrist actigraphy for sleep/wake determination [28]. In [26],
the diagnostic accuracy of SleepMinder in identifying
obstructive sleep apnoea and apnoea-hypopnea index (AHI)
was assessed. An accuracy of 91% was gained when a
diagnostic threshold of moderate-severe (AHI > 15 events/h)
for obstructive sleep apnoea was used [26].

In this paper, we contribute to the field by presenting
several qualitative analyses of radar monitoring of sleep-time
respiration. A few challenges that need to be revisited in future
studies are also shown. In addition, the respiration waveform
measuring absolute chest wall displacement with radar
sensor is shown. To be precise, the radar sensor measurement
is validated against the respiration effort belt measurement
that measures relative change of the ribcage circumference.
The chosen reference is, however, widely used in the

PSG recording. Moreover, the accurate displacement
measurement with radar sensor has previously been demon-
strated with simple radar targets [29], [30]. Nevertheless, the
accuracy of the absolute chest wall displacement measurement
still needs more validation. Chest wall displacement is
proportional to the breathing depth, and for clarity, we consider
the absolute chest wall displacement to correspond to the depth
of the breath, while in fact, they are not quite the same thing.

The possibility of acquiring absolute chest wall displace-
ment was recently noted in Hu ef al. [31], and its measurement
has also been reported by Massagram et al. [32] and by
Lee et al. [25]. In [32], the tidal volume of eight subjects were
measured during short time periods in supine and in seated
positions. Lee et al. [25] measured the chest wall displacement
in six subjects during short time periods. The measurement
lengths of these studies were not reported accurately, but the
presented examples suggest that it has been in the range of a
few minutes. Thus, to the best of our knowledge, the presented
work is the first time that longer (full night) data sets have been
successfully analyzed for determination of absolute chest wall
displacement.

Quadrature radar sensor produces two channels: in-phase
and quadrature channels. There are two main approaches for
demodulating the two channels: linear and nonlinear demodu-
lation methods. Massagram et al. used the linear demodulation
method (also called the principal component analysis, or PCA)
to combine the two radar channels [32]. Lee et al., on the other
hand, used single-channel radar with 2.4 GHz transmitting
frequency [25]. Thus, the null point problem will be faced,
as also noted by the authors of [25]. The null point problem
means that a severe signal distortion is encountered in certain
radar-subject distances [33]. The problem is not necessarily
seen in short time recordings, but will emerge in long-time
recordings. The use of quadrature radar and the PCA method
would solve the null point problem. However, the magnitude
information of the displacement of the chest wall in
centimeters, which describes the depth of the breath, would
be lost, and only the relative respiration displacement can be
measured. To the best of our knowledge, our paper is the first
to report long-time breathing measurements with a quadrature
radar and the nonlinear demodulation method. The use of long
data sets is a notable difference compared to previous work
because the long-term data inevitably contains also challenging
and complex data segments.

In this paper, we study the utilization of a microwave radar
sensors for sleep monitoring in a domestic environment. The
study consists of whole-night recordings of three patients
with a radar sensor together with a full PSG recordings.
The measurements were performed outside a laboratory in
a rehabilitation center without constant nurse oversight. This
paper brings the large-scale commercial use of radar sensor in
sleep monitoring one step further.

II. MATERIALS AND METHODS
A. Microwave Radar Monitoring

Microwave Doppler radar monitoring enables ubiqui-
tous, non-contact, through-clothes measurement of heart and
respiration activity. The signal transmitted from the radar



sensor is reflected from the chest wall. The phase of the
reflected signal is proportional to the small movements of the
chest wall. The transmitting power of the radar is small, well
below the recommendations set by Federal Communications
Commission (FCC) and The European Telecommunications
Standards Institute (ETSI). The quadrature radar baseband
signal’s in-phase(/)- and quadrature(Q)-components are
expressed as:

Bi(t) = Vi+ Agcos (8(1))
= Vi + Ag cos (4710 47[16([) — 6o + A¢(f)),
Bq(t) = Vo + AAgsin (0(f) + ¢g)
. fArdy  Amx(t)
= Vo + AgAgsin ( R 6o
+ Ap (1) +¢E)» (1

where Vi and Vo are DC-offset in I- and Q-channels, Ag is
the baseband amplitude, 0(¢) is the time varying displacement
angle (in degrees), do is the nominal distance between the
radar and the subject, x(¢) is the time varying displacement of
the chest wall (in meters), 4 is the wavelength of the carrier,
6y is the constant phase shift, A¢(r) is the residual phase
noise, Ag is the amplitude imbalance, and ¢ is the phase
imbalance.

To acquire the chest wall displacement data x(z), these
two channels, I and Q, need to be combined. One option for
a combining method is linear demodulation (or PCA) [34].
PCA finds the principal component of the two-dimensional
data and, in practice, approximates the arc of a circle as a line.
This approximation is valid if the arc length is small enough
(in other words, if the chest wall displacement is significantly
smaller than the carrier wavelength, x (t) < 4). For respiration
monitoring with a 10 GHz radar, which is used in this study,
the approximation is valid with shallow respiration but is not
always valid with deep respiration. Another drawback is that
the PCA method loses the absolute value of the displacement
information (the signal magnitude) [35]. In fact, the sign of
the signal is lost as well, meaning that a displacement can not
be classified as being an inspiration or an expiration. It should,
however, be noted that the linear demodulation is computation-
ally simple. Moreover, the linear demodulation can be used
with small arc lengths. Therefore, if the disadvantages of the
method are acceptable in the application in question, the linear
demodulation may be the best choice.

Another option for channel combining is using nonlinear
demodulation. For this, Vi and Vg need to be estimated
from a short data segment. The data forms an arc of a
circle in an IQ-plot. By estimating the center of such
circle, estimates of Vi and Vg are gained [36], [37]. The
selection of the best algorithm for the center estimation
with radar data has been an active research topic recently.
Several algorithms have been proposed such as the one
presented by Park er al. [37], Levenberg-Marquard (LM)
algorithm [36], L;-norm-based algorithm [30], [38], gradient
descent [39], [40], and least squares [30], as well as Hough
transformation, particle filter, and direct phase estimation

based on a difference vector [41]. The performance of the four
latter algorithms has been compared in [41], but unfortunately
the interpretation of the results is erroneous, because discon-
tinuities due arctangent function are not properly removed.
The Park’s method is shown to suffer from a systematic error,
if the respiration waveform is not single-tone sinusoidal [36].
Instead, the LM algorithm is shown to perform accurately
in simulations as well as in simplified emulations with a
spherical target or a planar target in two independent studies:
in [36] and in [30]. The L{-norm-based algorithm [38] might,
however, be more sensitive to outliers than the LM algorithm,
but more measurements are needed to prove this.

Then after the center estimation step, the nonlinear
demodulation can be performed with arctangent function:

M) ~ aretan (w) o

0@t) = arctan( BV Ag cos(6(1))

The arctangent function may cause discontinuities
around % or These are discussed for example
in [35], [40], and [42]. However, based on our experience
and simulations, the use of Matlab built-in unwrap function
is fully adequate for removing discontinuities.

By using nonlinear demodulation, an absolute displacement
of the target can be obtained from the demodulated signal.
This has previously been shown in [29] and in [30]. In [29],
a half-circle radar target was moved automatically with
a programmable linear stage, and the center estimation
was performed with Park’s method. Without any specific
calibration procedures (a so-called I/Q imbalance calibration
was performed, though), a small displacement of 1 cm was
acquired with the accuracy of 5%. Similarly, accurate absolute
displacement measures were gained with a planar radar target
and the LM center estimation algorithm in [30]. In the present
study, nonlinear demodulation with LM center estimation
algorithm was also used.

B. Measurement Setup

The measurement setup is shown in Fig. 1. The radar was
attached over the bed at the height of 1.5 m to a supporting
pole. A commercial quadrature radar module, MDU4220 [43],
with transmitting frequency of 10.587 GHz was used.

The beam width of the radar module used is 36° x 18°.
In practice, this means that the whole torso area is in the
radar coverage area. This has twofold consequences: on one
hand, the areas moving most due to respiration are in the
coverage area even though the patient moves slightly; on
the other hand, in addition to chest movements, stomach
and limb movements contribute to the backscattered signal.
Moreover, the movement of the PSG unit and the movements
of PSG sensor wires will contribute to the backscattered signal
as well. In our study, the PSG unit was attached to the stomach
strap, further away from the center of the radar beam, to
decrease the echoes from the PSG unit and to allow free
monitoring of the chest area movements with the radar sensor.
Attachment to the chest strap would probably have caused the
PSG unit to move along the cardiac activity as well.
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Fig. 1. The measurement setup. The radar was attached to a stand over
the bed. A commercial wearable PSG device was used as a reference.
The PSG recording unit was attached to the stomach strap, which allowed
free monitoring of the chest area movements with the radar sensor. The
synchronization receiver 1 was attached to the stand, and the receiver 2 to the
forehead of the test subject.

The radar data were sampled at the sampling rate of
800 Hz with a 24-bit data acquisition (DAQ) device ADCiso4x
(from Icraft). The data was collected with a laptop computer
and analyzed offline.

The respiration signals obtained in a whole-night full
PSG recording were used as a reference. A portable
PSG device (SOMNOscreen plus, manufactured by
SOMNOmedics GmbH, Germany) was used as the reference
device. A portable model allowed the patient to move and walk
freely in the measurement room and to go to the bathroom
during the night. The used PSG setup contained a large set
of sensors, including EEG, ECG, abdominal and thoracic
effort, snoring (microphone), naso/oral flow, SpO, (oxygen
saturation), position, and periodic leg movement (PLM)
sensors. The PSG data were analyzed and scored by one
expert scorer in Helsinki Sleep Clinic, Vitalmed, according
to the American Academy of Sleep Medicine (AASM) 2007
criteria [44].

The data synchronization between the radar and the
reference was assured by a synchronization system reported in
detail in [45] and [46]. The radar device housed an integrated
synchronization pulse transmitter. One receiver was connected
to the DAQ device of the radar and one to a free channel in
the PSG device.

In total, 12 test subjects were recruited and successfully
recorded. However, three subjects were selected for detailed
analysis for this study based on two inclusion criteria:
PLM index < 10 and AHI < 10 during the recording night.
The purpose of this was to show the functionality of the radar
monitoring method with relatively undistorted data. PLMs,
especially, cause large artifacts to the data, and automated
detection and removal of them was chosen to be left as future
work at this early stage of the research. The demographic data
of the test subjects is shown in Table I. The Ethics Committee
of Central Finland Hospital District approved the study.
All subjects signed an informed consent before participating
to the study.

TABLE I
DEMOGRAPHIC DATA OF THE TEST SUBJECTS AND
SLEEP DATA FROM THE POLYSOMNOGRAPHY

Patient Sex Age Height Weight AHI PLMI Sleep
(cm) (kg) time

1 F 51 167 59 6.4 9 7 h 48 min

2 M 57 183 68 6.4 0 7 h 13 min

3 F 46 153 59 14 0.6 6 h 28 min

AHI = apnoea hypopnea index, PLMI = periodic leg movement index.

C. Signal Processing

1) Radar Signal Pre-Processing: Firstly, the radar data was
low pass filtered with a 50 Hz anti-alias filter. All the data
(both radar and PSG data) was then resampled to 100 Hz and
synchronized. Secondly, the radar data was high pass filtered
with a 0.1 Hz filter.

The parts of the data that contained movement artifacts
were removed from the respiration analysis manually. This
obviously is not possible in an end application and presents
a limitation to this study. However, in this proof-of-concept
study, we have simplified the problem by limiting only to those
epochs that do not contain pronounced movement artifacts.
One automated movement detection algorithm based on a
threshold detection of signal power in 0.05 to 2 Hz bandwidth
is presented in [27] and in [28]. This method, however, does
not perform well with a 10 GHz radar as the respiration arc
length is close to 50% of a whole circle, and the movement
artifacts are approximately in the same order of magnitude.

In total, the percentage of discarded data was 10% for
patient 1, 15% for patient 2, and 24% for patient 3. The
movement artifacts may have been caused, for example, by the
movements of the torso, arms, or legs as well as by coughing
or sneezing. Only continuous segments longer that the epoch
length (>120 s) were included. This partly explains the large
percentages of discarded data. In addition, the parts when the
subject was in an upright posture were discarded.

2) Nonlinear Demodulation: In this paper, the LM algo-
rithm has been used as the fitting method in center estimation.
The LM algorithm is an iterative least-squares fitting method,
and the data mean is used as the initial guess for the algorithm.
Details of the LM method are presented in [36]. The center
estimation was performed in 30 s epochs.

The LM method is sensitive to large outliers. This was
pointed out in [38]. After the removal of the epochs with large
movement artifacts, the data still contained some smaller and
fast artifacts. These outliers sometimes caused errors in the
center estimates. To overcome these errors, the consecutive
center estimation results were averaged. The averaging was
performed by calculating the median of the four consecutive
center and radius estimates. Thus, the effective epoch size in
further analysis was 4 x 30 s = 120 s. Then, atan2-function
and phase unwrapping in Matlab were used to perform the
arctangent demodulation.

3) Comparison of Radar and Respiration Effort Belt
Signals: The successfully demodulated radar data was then
compared with the reference respiration effort belt data.
The respiration effort belt measurement does not measure
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the absolute chest or abdomen wall displacement, but relative
change of the ribcage circumference instead. The sensitivity
of the belt sensor varies largely from posture to posture.
Moreover, also the tightness of the attachment of the elastic
band strongly affects the sensitivity of the sensor signal. Thus,
to fairly compare the signals, the thorax and the abdomen
belt signals were scaled to match the radar signals. The
scaling factors were calculated epoch-wise so that the standard
deviation o of the radar and the belts’ signal would be equal.
The same scaling method has been used in [32].

For comparison, mean squared error (MSE) between the
radar and the reference signals was calculated. MSE was
calculated for the thorax and the abdomen signals separately
on a per-epoch basis. To allow inter-epoch comparison, the
data was first normalized to have a unit o.

4) Comparison of Linear and Nonlinear Demodulation:
The linear and the nonlinear demodulation methods were also
compared. The radar data that was successfully demodulated
with the nonlinear demodulation was also demodulated with
the linear demodulation. Epoch-wise MSE values between the
two were calculated. As the linear demodulation method loses

120

[b] |/r?1v

An example of hypopnea events successfully demodulated with nonlinear demodulation method a) in time domain and b) in 1Q-plot.

the absolute displacement information, the data was again
normalized to have a unit o. In addition, as the linear demod-
ulation also loses the direction of movement, the MSE values
were calculated for both the resulting signal and the mirrored
signal. The smaller of the two MSE values was chosen for
further analysis.

III. RESULTS

The nonlinear demodulation was successful during most
epochs of the whole night measurements. Fig. 2 shows an
example of a short window of data during normal breathing
together with PSG respiration signals. In Fig. 3, another
example of demodulated data during hypopnea events are
shown. In Fig. 2, the amplitude of the data before demod-
ulation is rather small (~0.2 mV in I-channel, ~0.5 mV in
Q-channel). In Fig. 3, on the other hand, the amplitude is at
least fourfold (~2 mV) in both the channels. However, the
measured displacement after demodulation is around 0.3 cm
in both the cases. This nicely illustrates how other factors
than displacement determine the amplitude of the data before
demodulation.
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Fig. 4. In some cases, the nonlinear demodulation fails. This happens, if the
arc (or the displacement) is small as in a) and b); or if the data forms a more
complex shape than an arc of a circle as in ¢) and d). In a), the LM algorithm
has returned an erroneous center estimate that is close to the mean of the data.
In b), the consecutive estimates from the LM algorithm have large variation.

TABLE 11
NONLINEAR DEMODULATION FAILING RATE IN EACH POSTURE

Patient Posture All postures
Supine Right Left Prone

1 F [%] 55 26 43 - 42
t [hh:mm)] 02:07 01:57 03:46 - 07:50

2 F [%] 60 24 29 - 34
t [hh:mm] 01:33 02:35 03:06 - 07:14

3 F [%] 55 25 16 16 22
t [hh:mm] 00:35 01:05 03:19  00:33 05:33

F = the proportion of failed segments in each posture, t = the time a patient
spend in the respective posture without moving during the measurement
night.

However, the nonlinear demodulation fails in the following
two cases:

1) The resulting arc length is too small to contain sufficient
information of the circle curvature. In this case, the
resulting circle estimates are arbitrary: either the circle is
estimated close to mean of the data (see Fig. 4a), or the
estimated circle is overly large and the center estimates
of the consecutive data windows have large variation
(see Fig. 4b). Note that Fig. 4b shows circle estimates
from four consecutive data windows. The fourth circle
estimate is so large that only a small arc is seen in the
plot. In the first case, the center estimation algorithm
converges to the initial guess (the data mean was used as
the initial guess), and in the latter, the center estimation
sometimes converges towards infinity.

2) In some cases, the data does not form an arc in the
1Q-plot but a more complex shape instead. This is shown
in Fig. 4c and 4d.

The data segments were examined manually to separate
successful and failed segments. The number and length of
these failed segments vary significantly between the subjects
and sleeping postures. The proportion of failed segments in
each posture are shown in Table II. Note that, data discarded
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Br and Bq, but with a small displacement x after demodulation. The data
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Fig. 6. An example of a small amplitude in the I- and the Q-channel data
(By and Bq), but with a large displacement x after demodulation. The data
are shown a) in time domain and b) in IQ-plot.

due to movements were not included in these values. It seems,
that the failing rate was lower, when a patient was in right, left,
or prone postures. Both types of failed segments were seen in
all the postures. However, the case 1 fails were dominant when
the patient was lying on the left side, and the case 2 fails were
dominant when the patient was supine.

Examples of successfully demodulated radar data compared
with the respiration belt signals are shown in Figs. 5-9. The
examples are selected to represent multiple different effects
seen in the data. The top left curves (in Fig. 5a) are I- and
Q channels, By and Bq, before demodulation. The bottom left
curves in the same figure are the demodulated signal and the
reference thorax and the abdomen belt signals. In the right-
hand side (in Fig. 5b), By and Bg are plotted in IQ-plot
together with the estimated circle. The residual error of the
center estimation is shown in the top. This same order is used
in the following figures as well.

Figs. 5 and 6 present successful demodulation with short
and large arc length cases. Fig. 5 shows a relatively large
amplitude (~0.5 mV) in By and in B, but a relatively small
arc length in 1Q-plot, and thus, relatively small displacement
(~1 mm). An opposite case is seen in Fig. 6 with a small
amplitude in By and in Bg (~0.15 mV) and a large amplitude
in displacement (~3.8 mm). This illustrates in practice how a
small amplitude in I- and Q-channels tells nothing about the
displacement. Figs. 5 and 6 also present the difference in data
deviation from an arc in the IQ-plot.

Fig. 7 illustrates an example of data with varying
displacement ~ amplitudes  demodulated  successfully.



TABLE III
RADAR VERSUS THE BELT MEASUREMENT; THE MEAN OF EPOCH-WISE
MSE VALUES FOR DIFFERENT POSITIONS; NORMALIZED DATA

Accurate acquisition Aligned
Patient Belt Supine  Right Left Prone | Supine Right Left Prone
1 thorax 0.71 034  0.30 - 0.28 023 0.14 -
abdomen 0.45 020 0.71 - 0.22 0.17 044 -
min 0.45 0.17  0.20 - 0.21 0.12  0.12 -
2 thorax 0.42 020 0.38 - 0.17 0.13  0.18 -
abdomen 0.41 0.18  0.26 - 0.24 0.13  0.18 -
min 0.33 0.15 0.24 - 0.14 0.10 0.10 -
3 thorax 0.29 022 032 028 0.11 0.08 0.09 0.16
abdomen 0.24 0.57 1.03 022 0.19 0.18 0.14  0.18
min 0.19 020 026 0.19 0.10 0.07 0.08 0.14

On the Ileft, the radar and the reference data had synchronous acquisition. On the right,
the data were aligned based on the maximum covariance. Patients 1 and 2 did not sleep in
a prone position.

Patient 2; Right MSEthx =0.31, MSEab

Time from start (hh:mm:ss) 01:23:00
,=0.12

01:22:00

I (mV)
Patient 2; Left MSE‘h =0.12, MSER

] . 02:04:00
Time from start (hh:mm:ss)

Fig. 7. An example of a successful demodulation of data containing varying
displacement amplitudes. a) b) During normal breathing segments, the thorax
and abdomen move synchronously, whereas during hypopnea events, a phase
difference is seen in respiration belts. This results in a large MSE. c¢) d)
Amplitude changes are seen also during normal breathing. In this case, all
the signals have the same phase, and thus, the MSE is small. In the right, the
data are shown in time domain, and in the left, the same data are in 1Q-plot.

Amplitude changes can occur in data both during hypopnea
events (Fig. 7a) or during a normal breathing pattern (Fig. 7b).

The relative MSE values calculated between the demodu-
lated and normalized radar respiration signals and normalized
the thorax and abdomen belt signals are shown in the left side
of Table III for each patient in different positions separately.
The shown values are the mean of the epoch-wise MSE values
for the whole night.

The calculated MSE values are occasionally large. There
are two effects that cause the large MSE values. Firstly,
the thorax and abdomen do not always move synchronously.
This is illustrated in Fig. 8. In Fig. 8a, the radar signal
follows the abdomen signal well, whereas the thorax has a
different movement pattern. In similar cases, the radar signal
often follows either of the respiration belt signals. Therefore
in Table III, the mean of the minimum of the two epoch-wise
MSE values are also shown. However, it is not uncommon that
the radar signal has a different phase to both the belt signals,
as in Fig. 8b. In this case, the patient is lying on her left side,

Patient 2; Left MSEthx =0.61, MSEab =0.10 Residual norm = 0.8
i ‘ ‘ X

—_ | \ | 04
g | ‘//‘\ / | /\‘\ “ /‘ Thx —
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a-0.1 1y ‘ WA \ \\ | o

’ / % \\/ U ] WL

02:49:00 02:49:30 I (mV)
[a] Time from start (hh:mm:ss) [b] .
Patient 1; Left MSme =0.99, MSEabd =0.97 Residual norm = 0.7
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£ [ Thx |16 ﬁ
S — — - Abd
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Fig. 8. An example of the thorax and abdomen moving in different phases.
a) b) The radar signal follows the abdomen belt signal in this case. c) d)
The respiration belts are in the opposite phases. Also, the radar signal has
a different phase, thus, resulting in a large MSE. In the right, the data are
shown in time domain, and in the left, the same data are in IQ-plot.

Patient 2; Supl‘ne MSEth =0.04, MSE bd = 0.26 Residual norm = 9
-~ B
|
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X 1

— Thx
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Fig. 9. In this example, the abdomen belt’s signal is clipped, thus,
increasing MSE. This is also a nice example of the null point problem
discussed in the introduction. B is in the null point, which appears as two
peaks in one respiration cycle. Data are shown a) in time domain and b) in
1Q-plot.

while the radar is measuring the movements of the right side.
Secondly, the respiration belts do not measure the absolute
displacement values. On the contrary, a patient movement
results in a change in the sensitivity of the belt sensor signal.
Occasionally, a belt’s signal is also clipped. This is seen in
Fig. 9 with the abdomen belt. Obviously, a large MSE value



TABLE IV
NONLINEAR VERSUS LINEAR DEMODULATION; THE MEAN OF
EPOCH-WISE MSE VALUES FOR DIFFERENT
POSITIONS; NORMALIZED DATA

Patient  Supine  Right  Left  Prone
1 0.016  0.004  0.020 -
2 0.014  0.007  0.008 -
3 0.043  0.004 0.007 0.003

is resulted. These drawbacks with the used respiration belts
are, however, well known [47]. Therefore, a large MSE value
does not necessarily mean bad radar data, but rather shows the
limitations of the chosen reference method.

To decrease some effects caused by the asynchronous
movement of the thorax and the abdomen, the second set
of MSE values were calculated. For this, the respiration belt
data were shifted in the time domain with the amount that
maximized the crosscovariance between the radar data. The
resulting MSE values are shown in the right side of Table III.
It is clear that this alignment considerably decreases the MSE.

The MSE between the linear and the nonlinear demodula-
tion methods are shown in Table IV. The difference between
the demodulation methods is quite small in the data set
included in the calculation.

IV. DISCUSSION

The two cases when the nonlinear demodulation fails are
different in nature and should be treated differently. In case 1,
the nonlinear demodulation fails, but linear demodulation can
be experimented instead. With linear demodulation, however,
the absolute chest wall displacement information is lost.

In case 2, however, the linear demodulation will also fail.
As a matter of fact, a good method to deal with the demodula-
tion in this kind of case has not been proposed. Likely, a source
separation step, using for example a blind source separation
method as the one used in [48] should be performed before
the demodulation.

Aardal et al. [49] suggested that, at least in some cases,
the center of the respiratory and cardiac activity would not
be the same. This is also sensible, as a smaller portion of
the chest is moving due to the cardiac activity than due to
the respiratory activity. Aardal et al. suggested that the single
reflector model should be abandoned and a multiple reflector
model should be used instead. The same conclusion is also
drawn by Li et al. in [50]. Their simulations with a so-called
Ray-tracing model showed that when the signal is reflected
from two distinct points of the body, there are deformation
effects in the resulting data in the IQ-plot. This is caused
by a different phase offset in the data reflected by the two
points. Salmi et al. [51] performed simulations and short-time
real data measurements to study the single and the multiple
reflection models for heart and respiration rate estimation.
They concluded that nonlinear demodulation performs very
well, if the radar is close to chest of a person and proposing it
to be a single reflector case. However at larger distances, the
method fails due to multiple reflections.

Therefore based on these previous work and this study,
it seems that the single reflector model is not always adequate
for sleep monitoring applications. An important question for
future work is, how to deal with this.

Case 2 (not shaped like an arc) is also highly interesting,
since this type of a problem has not been reported by the
ResMed-team [23], [26]-[28] or by Lee et al. [25]. Now,
there is no reason to expect that a similar, although possibly
smaller, effect would not happen with the sensors used by
other research groups. Nevertheless, the effect remains hidden
when using the linear demodulation, as has been used by
ResMed, or single-channel radar, as has been used by Lee et al.
In such cases, there will just be unexplainable distortion in the
resulting demodulated signal.

The MSE values calculated in this study are admit-
tedly larger than the ones presented in [25]. However, the
comparison is not straightforward. In [25], the MSE values
are calculated from a few minutes of data from a controlled
measurement. This paper presents results from whole-night
measurements in an uncontrolled environment. In addition, it is
not explained in [25] whether the radar and the reference data
are aligned based on the data waveform itself or based on
synchronous acquisition. Due to the synchronization system
used in this study, the data synchronization is assured very
accurately. However in different sides of the torso, the respi-
ration movement can have different phase shifts. Thus, when
comparing the data measured with a radar and with belts, the
comparison is more reasonable between the aligned data than
between the synchronous data. Moreover, this study contained
measurements from different patient postures (supine, right,
left, prone), whereas [25] and [32] contained measurements
only from in front of a patient.

When comparing the performance of linear and nonlinear
demodulation, the overall performance of the methods seems
relatively similar. However, the difference appears with long
arc lengths meaning in deep respiration. In addition, the result
strongly depends on the chosen radar transmitting frequency.
The linear demodulation has the advantage of being compu-
tationally simpler than the nonlinear demodulation, whereas
the nonlinear demodulation can provide absolute displacement
measures and the separation between the inspiration and
the expiration. Thus, if a relative displacement measure is
adequate for the application, the linear demodulation may be
a more favorable choice.

Multiple questions remain for future work. The length
of the epochs used for center estimation in this study was
probably not optimal. The length of the epochs should be long
enough to contain enough respiration for accurate estimation,
but short enough not to contain movement artifacts from
the torso or limbs. Particularly, the epoch should be longer
than a typical apnea event, since during an apnea event, the
signal probably does not contain enough arc length for the
center estimation. Therefore, an approach that uses multiple
epoch lengths simultaneously might provide a good solution.
Moreover, there will be a signal discontinuity point and a
sensitivity change in the point where two consecutive epochs
result in different center estimates. This problem has not been
addressed in the literature. It should be pointed out, that



these discontinuities are different from the ones caused by
arctangent function. In addition, the automatic selection of
linear or nonlinear demodulation based on data would increase
the coverage of correctly processed data.

V. CONCLUSION

In this paper, we have successfully demonstrated the
measurement of respiration waveform with a non-contact radar
sensor from three full-night recordings. The results were
achieved by using quadrature microwave radar sensor and the
nonlinear demodulation method. The nonlinear demodulation
means using a center estimation method and the arctangent
channel combining method. However, the use of the nonlinear
demodulation method is not possible in certain cases:

1) If the arc length of the respiration is too small, the
variance of center estimates is large, and the result of the
center estimation algorithm becomes arbitrary. In these
cases, the linear demodulation method may work better
for channel combining, however, with the result of losing
the absolute displacement information.

2) If the quadrature data does not form the arc of a
circle in the IQ-plot, but a more complex shape. This
is most likely due to a different phase offset from
multiple reflection points. In this case, an intelligent
source separation algorithm could solve the problem.

3) During the sections of large motion artifacts.

Absolute target displacement measurements have previously
been demonstrated with the nonlinear demodulation method.
This study is the first time that the nonlinear demodulation
method with a radar sensor has been demonstrated using long
data sets and a real-life setting outside a controlled laboratory.

This paper serves as preliminary work, building a founda-
tion for the use of microwave radar as a non-contact monitor
of breathing patterns. It suggests that the radar method can
be used as an alternative to traditional respiration monitors to
provide a more convenient measurement. Naturally, extensive
clinical trials are needed before proceeding with commercial
or clinical use of the proposed methods.
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