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ABSTRACT In this paper, we propose a robust detection method to determine the presence of individuals
in an indoor environment by exploiting an impulse-radio ultra-wideband (IR-UWB) radar. Detection of the
presence of individuals in an indoor environment using IR-UWB is not a trivial problem because real indoor
environments provide heavy clutter components and spurious ones due tomultipath effects. The studymainly
discusses two difficulties involved in detecting an individual in an indoor environment, namely, how to reduce
the clutter in an indoor environment and how to detect a very low radar cross section (RCS) target, i.e., an
individual lying down. To reduce clutter components in indoor environments, we investigated several clutter
reduction techniques in terms of detecting a standing individual and an individual lying down. However, even
after clutter reduction, detection of an individual lying down continues to pose a challenge. Thus, we devised
a novel two-stage detection scheme that first involves detection in the range domain, and then in the frequency
domain, thereby resulting in good detection performance in terms of a high detection rate and a low false
alarm rate. The proposed method was demonstrated by experiments in indoor environments, and the results
indicate that its performance is robust in various scenarios.

INDEX TERMS Human detection, IoT sensor, smart-home, ultra-wideband (UWB) radar, vital signs.

I. INTRODUCTION
Impulse-radio ultra-wideband (IR-UWB) radar is widely
used to detect or track humans due to its ability to penetrate
obstacles and to resolve small range variation [1]. The sen-
sor is characterized by sequentially transmitting several very
short pulses [2] and provides extremely high-resolution in
range direction. This attribute makes it possible to resolve
the displacement of a few centimeters, even generated by
very small movements of humans [3]. Hence, it enables us to
determine the precise position of humans [4], and thus several
studies focused on the use of IR-UWB for tracking [5]–[8],
counting [9], [10], human gesture recognition [11], [12], and
monitoring of individuals in an indoor or outdoor environ-
ment [13]–[15]. Thus, IR-UWB sensors have a variety of
applications in areas such as security, internet-of-things (IoT)
sensors, smart-home systems, health care systems, smart
energy technologies, and automotive industry [16], [17].

IR-UWB radar can obtain information on humans, which
is exploited for several purposes. For example, the position
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of human, direction of movement, and the number of individ-
uals can promote the development of several future services
such as controlling energy systems, home appliances, and
security systems. These services will be utilized in exhi-
bition halls, office buildings, commercial complexes, and
individual housing [18]. Specifically, the information on the
density and direction of individuals aids in organizing the
placement of advertisements and tour schedules. In addition,
human behavior analysis can be conducted with big data
consisting of various radar signatures [19], [20]. Meanwhile,
IR-UWB radar can detect vital signs of humans such as
heartbeat and respiration rate [21]–[27]. Vital signs are gen-
erally used for noncontact monitoring of human in smart-
home and hospitals [28]. After analyzing the collected vital
signs data, the user can obtain the report of his/her health
condition and proper prescription. In the automotive indus-
try, IR-UWB radar is usually exploited for detection of
pedestrians or other vehicles in advanced driver assistance
systems (ADAS) [29], [30].

This paper focuses only on the detection of presence of
individuals in an indoor environment. Hence, we devise a
robust technique to detect the presence of individuals that
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consists of two sequential steps, namely detection of a stand-
ing individual and that of an individual lying down. Several
studies examined the use of IR-UWB radar for detec-
tion of vital signs including respiration rate and heart rate
[21]–[27] and tracking and counting of individuals [5]–[10].
Vital signs detection is aimed at observing a single individual
with limited motions. Most of the related experiments were
performed in a very proximate distance between radar and
human. Hence, the detection of presence of individuals is not
sufficiently verified.

Individual tracking and counting usually require a com-
plicated Kalman filtering and machine learning approach,
respectively. Even though tracking and counting include the
detection problem in an implicit manner, it is computationally
inefficient in terms of detection of presence of an individ-
ual. Recently, there is an increasing demand for applications
using information only about presence of individuals with
low computational complexity. However, many studies on
human detection have not been sufficiently or systematically
investigated. Moreover, they have not been dealing with the
problem of detection for individuals lying down in detail.
To the best of our knowledge, our study first provides a
systematic and detailed analysis of clutter reduction tech-
niques concerning only human detection, and based on this
investigation, we suggest a reasonable solution to this issue
via the efficient combination of well-known techniques.

Nowadays, various fields of industry and society have
focused on a reliable technique to detect the presence of indi-
viduals in an indoor environment because the accurate judg-
ment of presence of individuals can save children trapped in
a vehicle/building. Additionally, heating and lighting system
in smart-home necessitates a simple and cheap sensor system
that immediately responds to the presence of an individual to
improve the energy efficiency. The proposed detection tech-
nique in this paper in conjunction with a radar sensor can be a
good solution to the aforementioned applications in terms of
cost and efficiency. Among various kinds of radar sensors,
IR-UWB radar with a single-input single-output system is
chosen due to its low cost and complexity. Furthermore, when
compared to vision sensors, it does not involve a privacy
problem, and it operates irrespective of weather or lighting
conditions whether it is bright or dark [31], [32].

The proposedmethod is composed of two processing steps,
which are sequentially connected to each other. The first step
is to detect a standing individual in an indoor environment.
The individual to be detected is assumed as standing, and
thus a well-known constant false alarm (CFAR) technique
in the range domain can provide good detection results due
to relatively large radar cross section (RCS) of a standing
individual. However, conventional CFAR techniques typi-
cally fail to detect an individual lying down because RCS of
the individual is very low. Therefore, even when a standing
individual is not detected in the first step, it is necessary to
further determine whether or not a lying down individual
exists. Hence, in the second step, the existence of an individ-
ual lying down is determined by using the CFAR technique

in the frequency domain in order to detect the respiratory
movement of a human. In advance of detection, to improve
and guarantee good detection performance in an indoor envi-
ronment, we should adopt appropriate processing techniques
to mitigate clutter and multipath echoes as suitable for the
first-and second-step, respectively. The performance of the
proposed method was evaluated by conducting experiments
with realistic scenarios in a room.

This paper is organized as follows. Section II describes the
main proposed method. First, clutter reduction methods are
compared in terms of detection of a standing individual. Sub-
sequently, the detection of a standing individual is presented.
Thereafter, two-stage detection for detection of an individual
lying down is depicted. Finally, we present the overall detec-
tion scheme, which is a sequential combination of detection
of a standing individual and that of an individual lying down
with optimal clutter reduction methods. Section III shows the
experiments with actual scenarios conducted under two types
of indoor environments, namely normal clutter and heavy
clutter. Finally, we conclude the paper in Section IV.

II. PROPOSED METHOD
A. RECEIVED SIGNAL
The received signal consists of three different components as
follows:

x (t) = xT (t)+ xC (t)+ xN (t) , (1)

where xT (t) denotes directly returned and multipath echoes
due to a target, i.e., an individual, which includes single
and direct reflections from the individual and also multi-
ple reflections between the individual and stationary clutter.
Specifically, xC (t) denotes the returned echo due to multiple
reflections among stationary clutter and single and direct
reflections from the clutter, and xN (t) denotes the measure-
ment noise [22], [24]. Especially, indoor environments with
ceiling, floor, and walls can lead to strong multiple reflec-
tions of RF signal, and the received signal x (t) is signifi-
cantly affected by the multipath effect. Thus, we noted that
xT (t) and xC (t) include both types of reflectionmechanisms,
i.e., direct and multiple reflections.

After sampling in the range domain for the ith transmitting
pulse, the received signal is expressed as follows:

xi =
[
xi1xi2 . . . xij . . . xi,nr

]T
, (2)

where nr denotes the number of sampling range bin, and xij
denotes the component of the jth sampling range bin of the ith

received pulse. If we collect np pulses, which are referred to
as a single frame, then the nr ×np matrix X can be described
as follows:

X =
[
x1x2 . . . xi . . . xnp

]
=

 x11 · · · xnp,1
...

. . .
...

x1,nr · · · xnp,nr

 .
i = 1, 2, . . . ,np
j = 1, 2, . . . ,nr (3)
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B. DETECTION OF A STANDING INDIVIDUAL
1) NORMALIZATION
In order to detect the presence of an individual in a heavy
clutter environment, the received signals should be normal-
ized to compensate system instability. Generally, the received
signals using the IR-UWB radar fluctuate from pulse to pulse
due to instability of radio frequency (RF) hardware such as
oscillators, low noise amplifiers (LNAs), and transmission
lines. In particular, the fluctuations significantly degrade the
performance of a clutter reduction part, which is an essential
process to detect an individual in an indoor environment.
Thus, we adopt a signal normalization process to handle the
pulse-to-pulse fluctuations as follows [33]:

xij =
xij − xi,min

xi,max − xi,min
,

i = 1, 2, . . . ,np
j = 1, 2, . . . ,nr (4)

where

xi,min = min xij, j = 1, 2, . . . ,nr for a given i

xi,max = max xij, j = 1, 2, . . . ,nr for a given i.

The normalization process in (4) can ensure that the sample
values in every received pulse are between zero and one.
Hence, the ith normalized received signal xi and normalized
matrix X in a single frame consisting of np pulses are estab-
lished as follows:

xi =
[
xi1xi2 . . . xij . . . xi,nr

]T
,

X =
[
x1x2 . . . xi . . . xnp

]
=

 x11 · · · xnp,1
...

. . .
...

x1,nr · · · xnp,nr

 .
i = 1, 2, . . . ,np
j = 1, 2, . . . ,nr (5)

The normalized matrix X consisting of np normalized
received pulses will be an input to the proposed method

2) CLUTTER REDUCTION
In an indoor environment, returned echoes of the desired
target, i.e., an individual, are much weaker than those of
clutter that originate from furniture and home appliances with
larger RCS than humans in most cases. Fig. 1a illustrates
the measured echoes from an individual; these echoes were
obtained in a room, as shown in Fig. 1b. This room (4.5 m ×
9.5 m) contained a TV, several tables, and chairs; hence, there
were significant clutter components in the received echoes.
The black line is referred to as ‘‘empty room echo’’ in our
paper corresponds to results with only clutter and without any
individual, while the blue and red lines correspond to those
with a stationary (i.e., standing and stationary) individual at
a range of 3 m and with a moving (i.e., standing and moving)
individual within 3 m, respectively.

As shown in Fig. 1a, a very high peak at around 0 m
is observed because a direct leakage signal exists from the

FIGURE 1. (a) Normalized measured echoes in an indoor environment via
IR-UWB radar: received signal from a stationary (i.e., standing and
stationary) individual (indicated by the blue line), from a moving (i.e.,
standing and moving) individual (indicated by the red line), and from an
empty room with only clutter and without an individual (indicated by the
black line). (b) Structure of the room wherein the measured echoes in
Fig. 1a were obtained. The IR-UWB radar (indicated by the red circle) with
a center frequency of 7.29 GHz and a bandwidth of 1.5 GHz was used.
Detailed information of the IR-UWB radar is presented in Section III.A.

transmitting antenna to the receiving antenna. In addition,
at ranges higher than 1 m, small fluctuations exist due to
clutter and multipath effect for the black line in Fig. 1a,
while the red and blue lines show very small echoes from
an individual in addition to those from clutter and multipath.
A comparison of the signal corresponding to a stationary
individual (the blue line) and an empty room echo (the black
line) in Fig. 1a indicates that the blue line has several high
peaks due to an individual at around 3 m. However, the peaks
are smaller than the surrounding clutter. Furthermore, in the
case of the moving individual (the red line in Fig. 1a), it is
almost impossible to distinguish the returned echo from the
empty room echo. Therefore, it is inevitable to apply a clutter
reduction process to suppress clutter echoes, and thereby
enhance the target (i.e., an individual) echoes.

If we can estimate the background clutter echoes (which
are included in the received signal), a significant portion of
clutter echoes can be reduced by subtracting the estimated
clutter echoes from the received echoes as follows:

yi = xi − xc,i, (6)

where xc,i is an estimated clutter echo in normalized ith

received signal xi. Thus, yi denotes the clutter-free signals,
which will be used later for target detection. The clutter
reduction process in (6) is used to maximize yi at the location
of an individual and also to minimize yi at the location of
clutter. To achieve the purpose, the estimate of clutter echo,
xc,i, should resemble xi as closely as possible at clutter range
bins, whereas xc,i should differ from xi as much as possible
at the range bins of an individual. Base on the above criteria,
we investigate and compare following three techniques.
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FIGURE 2. IR-UWB radar propagation geometry in an indoor environment.
(a) Reflection mechanism in an empty room. (b) Mutual interactions
owing to the presence of a standing individual in a reflection mechanism.

The simplest way to estimate clutter echo xc,i is to measure
the echoes relative to the empty room with only background
clutter and without an individual [5], [34], which is termed as
‘‘reference method (RM)’’ in this paper and is described as
follows:

xc,i =
1
np

∑np

k=1
xk ,

i = 1, 2, . . . ,np, (7)

where xk denotes an empty room echo of each pulse, and
thus xc,i denotes the average background clutter echo for the
empty room during a single frame consisting of np pulses.
If the room is empty (i.e., without any individual), then the
clutter signal xc,i is updated with the result of (7). Specifi-
cally, RM exhibits advantages of low computation complex-
ity, while the performance in terms of clutter reduction is poor
especially for a moving individual.

In an empty room (Fig. 2a), the background clutter echo
is mainly composed of both the direct reflections from sta-
tionary clutter (e.g., furniture, ceiling, floor, and walls) and
multiple reflections among the stationary clutter. However,
when an individual enters the room, the background clutter
echo is highly affected by interactions between an individual
and the stationary clutter. The major sources of these inter-
actions consist of two components, namely multiple reflec-
tions between an individual and clutter, and shadow effects,
as shown in Fig. 2b. It should be noted that the interac-
tions between an individual and clutter are not considered
when computing (7). In other words, RM cannot reflect the
variation occurred from these interactions because computed
xc,i in (7) is not revised after an individual enters the room.

Thus, yi obtained from (6) with RM typically has high ampli-
tude even at the location of clutter, thereby leading to high
false alarm rates in later detection results. The phenomenon
is especially pronounced for moving individual as opposed
to a stationary individual because the mutual interactions
severely vary as the individual is moving. These time-varying
interactions further degrade the performance of RM.

Another clutter reduction scheme, namely running average
filter (RAF) [10], [13] computes clutter echo, xc,i, as follows:

xc,i =


1
np

∑np

k=1
xk , if i = 1,

αxc,i−1 + (1− α) xi,with 0 < α < 1 if i > 1,
(8)

where xi denotes the ith received signal and xc,i−1 is clutter
echo in (i − 1)th received signal. In other words, xc,i in (8)
corresponds to the weighted sum of the currently received
echo xi and the previously estimated clutter echo xc,i−1.
If i = 1, xc,i is the same as (7), which means that the initial
clutter echo of RAF is identical to the clutter echo computed
by RM. In RAF, xc,i is continuously updated at every pulse
using the currently received echo xi. Therefore, RAF can
consider the pulse-to-pulse variations of clutter echo, and thus
the good performance of RAF is expected especially for a
moving individual.

As shown in (8), the value of α determines the relative
contribution between the previously estimated clutter echo,
xc,i−1, and currently received echo, xi, in estimating current
clutter echo, xc,i. It should be noted that the value of α signifi-
cantly affects the result of clutter reduction. To understand the
dependency on the value α against the performance of RAF,
we demonstrate the performance of RAF in case of α ≈ 1
and α ≈ 0, as examples. By substituting the second equation
of (8) into (6), yi is expressed as follows:

yi = α(xi − xc,i−1). (9)

If α is set relatively close to unity, (8) yields the following
expression:

xc,i ≈
1
np

∑np

k=1
xk for ∀i, (10)

which is equal to (7). Thus, the clutter-free signal, yi, in (9)
can be expressed as follows:

yi ≈ xi −
1
np

∑np

k=1
xk . (11)

By (11), we expect that RAF with α ≈ 1 and RM share
similar performance in terms of clutter reduction.

On the other hand, if α is set close to zero, (8) yields the
following expression

xc,i ≈ xi for ∀i. (12)

Thus, by substituting xi−1 for xc,i−1 in (9), yi can be expressed
as follows:

yi ≈ α(xi − xi−1). (13)
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FIGURE 3. Singular values obtained by applying SVD to a normalized
matrix, X.

(13) denotes that yi is proportional to the difference of cur-
rently received echo, xi and previously received echo, xi−1.
Thus, in case of RAF with α ≈ 0, we expect that yi has large
peaks caused by pulse-to-pulse fluctuations from the motion
of a human, whereas yi has a low amplitude when the object
is stationary.

The last scheme for clutter reduction is to use sin-
gular value decomposition (SVD) to estimate clutter sig-
nals [22], [26], [36]. If we apply SVD to the normalized
matrix X, consisting of np normalized received signals (i.e.,
X = [x1x2 . . . xi . . . xnp ]), X is factorized as follows:

X = U
∑

VT , (14)

where (·)T denotes the transpose operation. The matrix
U = [u1u2 . . . unr ] corresponds to an nr×nr unitary matrix
whose columns are termed as left singular vectors. Specifi-
cally,

∑
is an nr×np diagonal matrix and its diagonals, σk ,

in descending order for 1 ≤ k ≤ np, are referred to as
singular values. The matrix V = [v1v2 . . . vnr ] corresponds
to an np×np unitary matrix whose columns are termed as
right singular vectors. Subsequently, with the use of low-rank
approximation [37]–[39], X is approximated as Xr with r
largest singular values as follows:

Xr = U
∑

r
VT , (15)

where
∑

r corresponds to nr×np diagonal matrix whose
diagonals are identical to those of

∑
for 1 ≤ k ≤ r

and zeros for r <k ≤ np. The desired clutter matrix
Xc = [xc,1xc,2 . . . xc,i . . . xc,np ] is obtained via (15), provided
that we can select the proper value of r .

To determine the proper value of r , it is important to
investigate the singular values in Fig. 3 obtained by apply-
ing SVD to the normalized matrix X corresponding to sta-
tionary individual and moving individual, respectively. For
both stationary and moving individuals, the first singular
value, σ1, significantly exceeds the remaining singular values.
As shown in Fig. 1, although an individual exists in the room,
it is noted that the received signal xi is mainly composed
of signals from clutter rather than those from an individual.
Therefore, the subspace spanned by the first singular value
σ1 and associated left and right singular vectors, u1 and v1,
is likely to originate from the clutter rather than an individual.

Thus, the proper value of r is set to 1 for low-rank approxi-
mation in (15), and this leads to the following expression:

Xc = σ1u1vT1 . (16)

After obtaining Xc, the clutter-free signal, yi, as com-
puted using (6), and the clutter-free matrix, Y =

[y1y2 . . . yi . . . ynp ], are established. Consequently, Xc is
derived from X which contains already received echoes,
including the current one. Thus, the superior performance of
SVD is expected for a moving object, same as that of RAF.

Figure 4 shows the clutter-free signal yi obtained by RM,
RAF, and SVD against empty room, the stationary individual
at 3 m, and moving individual at around 3 m. Compared to
the original received echo in Fig. 1a, a large portion of clutter
signals are effectively suppressed by these three methods,
thereby increasing the direct reflection from an individual
between 2.5 m and 3.3 m and effectively suppressing a sig-
nificant portion of clutter signals for the range of 0-2.5 m and
beyond 3.3 m. However, at ranges beyond 3.3 m, small and
perceptible fluctuations still remain due to the interactions,
such as multipath and shadow effects, between an individual
and stationary clutter. Especially in case of RM (Fig. 4a),
the degree of these fluctuations is relatively high compared
to that of RAF and SVD. This is because that RM cannot
reflect the variation that occurred from these interactions,
while both RAF and SVD can reflect these variations in
estimating clutter echo.

It should be noted that the relative signal level of the
individual and that of clutter (as opposed to the absolute level
of the individual) is more important in terms of detection
performance. Thus, it is essential to obtain a high signal to
clutter ratio (SCR) in clutter-free echo yi between individuals
and clutter for robust detection performance. The value of
SCR of yi is also denoted in Fig. 4. They are computed as
follows:

SCR =
A2

σ 2
C

, (17)

where A denotes the average amplitude of yi between 2.5 m
and 3.3 m corresponding to direct reflections from an individ-
ual in Fig. 4, and σ 2

C is the average clutter power of yi outside
of ranges between 2.5 m and 3.3 m corresponding to clutter
range-bins in Fig. 4.

Based on the observation of yi and its SCR value indicated
in Fig. 4, results of clutter reduction are presented as follows:

- RM yields high SCR, leading to gives good clutter
reduction, while the result for a stationary individual,
yields low SCR, leading to poor one for a moving
individual (Fig. 4a). Because RM is vulnerable to the
increasedmutual interactions due to amoving individual
as previously discussed, the performance of RM for a
moving individual is inferior to that for a stationary
individual.

- For a stationary individual, RAF with α = 0.9 have high
SCR values (solid line in Fig. 4b). This result is similar
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FIGURE 4. Clutter-free signal, yi, of a stationary (i.e., standing and stationary) individual and a moving (i.e., standing and moving) individual at
range of 3 m. Note that yis in Fig. 4 were normalized such that their ranges are between 0 to 1. (a) obtained by RM. Two peaks indicated by red
circles are direct reflections from an individual, and ones indicated by blue circles are multiple reflections between the human and the floor. (b)
by RAF with α = 0.9. (c) by RAF with α = 0.1. (d) by SVD.

to that of RM, as expected by (11). Conversely, for a
moving individual, RAF with α = 0.9 results in higher
SCR (dash-dot line in Fig. 4b) than that of RM. This
is because RAF, even with α = 0.9 in (8), can faith-
fully reflect the pulse-to-pulse variations of clutter echo
in estimating the current clutter echo, xc,i. Therefore,
for both stationary and moving individual, RAF with
α = 0.9 leads to good detection performance.

- RAF with α = 0.1 yields very low SCR for a stationary
individual and yields high SCR for a moving individual,
as expected by (14) (Fig. 4c). This implies that RAF
with α = 0.1 is more advantageous in terms of clutter
reduction against the moving individual when compared
to that of RM and RAF with α = 0.9.

- For both stationary and moving individual, SVD yields
high SCR (Fig. 4d). This is because in estimating the
clutter echoes, both RAF and SVD can reflect pulse-
to-pulse variations, which are caused by the existence
of an individual. Hence, for both stationary and moving
individual, SVD leads to good detection performance.

In order to obtain the overall conclusions of three tech-
niques (i.e., RM,RAF, and SVD) in terms of clutter reduction,
we investigate the average SCR of 144 normalized received
signals, xi (SCRxi ) and clutter-free signals, yi (SCRyi) for
stationary individual and moving individual, respectively.
Additionally, an improvement factor (IF) after the clutter
reduction process is computed, as follows:

IF = SCRyi (dB)− SCRxi (dB). (18)

As previously discussed, the capability of clutter reduction
differs between ranges before the individual and those beyond
the individual. To clarify it, in Table 1, the average SCR xi,

TABLE 1. SCR [dB] of xi, SCR [dB] of yi, and IF [dB].

SCRyi, and IF against different clutter reduction techniques
are divided into three sub-tables: ranges between 0 m and
2.5 m (i.e., before the individual), ranges between 3.3 m and
9.4 m (i.e., after the individual), and ranges before and after
the individual.

The first sub-table in Table 1 presents the clutter reduc-
tion performance when the received echo is mainly com-
posed of direct reflections from the individual and clutter,
without any higher-order interactions such as multipath and
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shadow effects. In the first sub-table, RM and SVD yield
high IF values, i.e., they achieve a good clutter reduction per-
formance, whether the individual is stationary or not; this is
due to the significantly few higher-order interactions between
the individual and clutter in the received echo. In the case of
RAFwith a stationary individual, its performance is primarily
influenced by the choice of α. For α ≈ 0, clutter-free signals
yi have considerably low amplitudes at all ranges, according
to (14); this simultaneously leads to low SCRyi and IF values.
In contrast, the performance of RAF with α ≈ 1 is similar
to that of RM, as shown in (11), resulting in high IF values.
In the case of RAF with a moving individual, RAF has high
IF values regardless of α, owing to the advantage of RAF for
the pulse-to-pulse fluctuations from the moving individual,
particularly for α ≈ 0, as previously discussed.

In the second sub-table of Table 1, the overall IF val-
ues are significantly lower than those in the first sub-table
because higher-order interactions such as multipath and
shadow effects are dominant in the received echoes. Espe-
cially, these higher-order interactions lead to poor results in
case of RM with a moving individual. The performance of
RAF is similar to those in the first sub-table in Table 1,
implying that the results depend on the value of α. SVD yields
relatively high or similar IF values compared to those of RM
or RAF.

The last sub-table in Table 1 depicts the overall clutter
reduction results computed at ranges before and after the
individual. It is easily noticed that all IF of the three tech-
niques are relatively high whether the individual is stationary
or moving. The RM is efficient only for a stationary indi-
vidual, while RAF with α = 0.9 and SVD are efficient for
both stationary and moving individual. In the case of RAF,
its performance is heavily dependent on the choice of α,
particularly for a stationary individual. In a practical situation,
the optimum selection of α for RAF is a very difficult task.
We summarize the above results and adopt the SVD technique
for clutter reduction. According to many additional experi-
ments, we found that the above comparisons about RM, RAF,
and SVD based on the results in Table 1, were also valid even
for various scenarios, such as the same individual at different
ranges (3 m, 5 m, and 7 m), different indoor environments,
and different individuals.

3) DETECTION
Subsequently, CFAR detector was applied to each clutter-
free signal, yi, to detect a standing individual. CFAR detector
is generally referred to as ‘adaptive threshold detection’,
implying that the threshold of the detector is automatically
adjusted according to the power of adjacent area of the
target to maintain ‘constant false alarm rate’ [40]. There
are many different versions of CFAR detectors, and thus,
we considered four kinds of CFAR detectors: cell averaging
CFAR (CA-CFAR) detector, greatest of cell-averaging CFAR
(GOCA-CFAR) detector, smallest of cell-averaging CFAR
(SOCA-CFAR) detector, order-statistics CFAR (OS-CFAR)
detector. The basic form of CFAR detector is CA-CFAR

FIGURE 5. Clutter-free signal denoting a moving individual (with walking
motion) at 5.5 m and four CFAR thresholds.

algorithm, and its threshold T is computed as follows:

T = Nref (p
1
/
Nref

fa − 1)β̂2 (19)

where Nref denotes the number of reference cells, pfa denotes
the false alarm rate, and β̂2 denotes the average power of
reference cells. As shown in (19), the threshold of CA-CFAR
algorithm is proportional to the average power of reference
cells. In case of the other three CFAR detectors, their thresh-
olds are computed using larger power of reference cells
(GOCA-CFAR) between two reference windows or smaller
one (SOCA-CFAR) or median value among the powers of all
reference cells (OS-CFAR).

Figure 5 shows the clutter-free signal and thresholds
obtained by applying various CFAR techniques to yi. False
alarm rate (pfa) is set to 10−6, the number of reference cells
(Nref ) is 20, and the number of guard cells (Nguard ) is 20. Note
that the physical length of one range-bin is nearly 0.05 m.
Even after clutter reduction, yi still exhibits slightly large
multiple reflections (at ranges between 6 m to 7.5 m in the
black-line of Fig. 5), which mainly comes from the walk-
ing motions. When computing the threshold of CA-CFAR,
the large multiple reflections tend to raise the threshold and
eventually lead to amissed detection. GOCA-CFAR alsomiss
the individual at 5.5 m, because GOCA-CFAR computes the
threshold using larger average power. On the other hand,
both order-statistics CFAR (OS-CFAR) and SOCA-CFAR
can detect the individual at 5.5 m given their capability
of detecting the target in non-homogeneous clutter. Thus,
in the study, we chose the SOCA-CFAR to detect a standing
individual.

C. DETECTION OF AN INDIVIDUAL LYING DOWN
The overall process for detecting an individual lying down
also consists of two processes, namely clutter reduction and
detection, same as those of standing individual. First, it is
necessary to efficiently suppress clutter signals in advance.
Because signal components from an individual lying down
caused by his/her RCS and body motion are very weak in the
received echoes, clutter reduction technique should be chosen
in accordance with an accurate analysis. In a majority of the
cases, the individual lying down is almost stationary and has
considerably low RCS (as shown in Fig. 6a). Furthermore,
significantly fewmultipath and shadow effects were observed
between the individual lying down and clutter. Hence, based
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FIGURE 6. (a) Normalized measured echoes from an individual lying
down (the red line) and those from the empty room (the black line).
(b) Time-series at a range bin of an individual lying down (i.e., being
located at 5 m from the radar in Fig. 6a), and (c) its frequency spectrum.

on the results in the first sub-table of Table 1, the RM
technique is employed for clutter reduction to detect the
individual lying down. In the same manner of investigating
the performance of clutter reduction for a standing individual,
we carried out some experiments to obtain IF in (18) using
the received echo from an individual lying down (the red
line in Fig. 6). As expected, RM gives the highest value of
IF = 30.25, RAF with α = 0.9 gives 24.05, RAF with
α = 0.1 gives 15.14, and SVD IF = 20.28. It means that RM
is superior to RAF and SVD in terms of clutter reduction for
an individual lying down having very low RCS. Hence, RM
was used in the study to remove clutter signal for detection of
an individual lying down.

Even though the RM can reduce the clutter component to
the minimum possible level, the conventional CFAR tech-
nique for detecting a standing individual can produce poor
detection results in the case of an individual lying down.
Because RM cannot completely remove clutter components
in received echo due to slight variations in the clutter environ-
ment or time-varying characteristics of a radar system, it is
likely that the detection of an individual lying down is not
perfect in the range domain. Thus, for detecting an individual
lying down, we devise a two-stage detection process, namely
detection in the range domain and detection of respiratory
movement in the frequency domain.

In the first detection stage, we applied a CA-CFARdetector
with high false alarm rate to the clutter-free signal in the range
domain, and this ensures a high detection probability of the
individual lying down. After the first stage, themiss-detection
probability of the individual lying down is minimized, but
many range bins with clutter only can be detected, leading
to a high false alarm rate. The high false alarm probability in
the first stage can be significantly reduced via the detection
of the respiratory movement of the individual lying down in

the second stage, which can be effectively accomplished in
the frequency domain.

In the second detection stage, we also applied the
CA-CFAR detector with low false alarm rate to frequency
spectra of time-series obtained by Fourier transform (FT) at
all detected range bins in the first stage. The time-series cor-
responding to the individual lying down is shown in Fig. 6b,
which shows a clear periodic signal generated by respiratory
movement. The periodic signal causes a peak at 0.35 Hz
in the frequency domain, i.e., respiration rate in the fre-
quency domain as shown in Fig. 6c. Generally, it is well
known that the respiration rate of a human occurs between
0.2 Hz (12 breaths per minute) and 0.3 Hz (18 breaths per
minute) [41]. Given this fact, we applied the CA-CFAR
threshold to all frequency bins between 0.1 Hz and 0.5 Hz
with a low false alarm rate. The CA-CFAR threshold in the
frequency domain is also computed by (19) with the low
false alarm rate. The reference cells are fixed and selected
as Nref frequency bins beyond 10 Hz, because the frequency
range for human motion is typically less than 10 Hz [42].
After applying the CA-CFAR threshold to all frequency spec-
tra corresponding to range bins detected in the first stage,
we finally make a decision of the presence of an individual
lying down. In other words, if more than one spectra exceed
the CA-CFAR threshold, the existence of an individual lying
down is declared.

Figure 7 shows the result of a two-stage detection process
applied to a clutter-free echo, which contains the reflection
from an individual lying down. Figure 7a shows the clutter-
free echo (the black line) and CA-CFAR threshold (the red
line) with a high false alarm rate (10−1) in the range domain.
Many range bins corresponding to various parts of the human
body are detected, and a false alarm at 2.5 m is detected.
For example, Figures 7b – d show the frequency spectrum at
42nd(false alarm), 95th, and 102nd (human body) range bins,
respectively. As shown in Fig. 7b, the frequency spectrum
with clutter only between 0.1 Hz and 0.5 Hz does not exceed
the CA-CFAR thresholdwith the low false alarm rate (10−12),
while those (Fig. 7c and 7d) of the human body exceed the
threshold. In the frequency domain, the false alarm at the
42nd range bin can be rejected, thereby resulting in lowering
the false alarm rate. Therefore, as a result, the human body
lying down is detected without any false alarms, declaring
the presence of an individual. Note that the individual lying
down lets his/her body stationary as much as possible not
to be detected by his/her body motion. The individual lying
down in all experiments of this paper follows this rule.

On the other hand, Fig. 8 shows detection outcomes for
the case of an empty room with clutter only. As mentioned
before, RM cannot completely remove stationary clutter, and
thus several large peaks are detected in the range domain
(Fig. 8a) even for an empty room. However, any detected
bin in the range domain does not exceed the CA-CFAR
threshold in the frequency domain as shown in Fig. 8b – d.
Hence, in the second detection stage, we can declare that the
room is empty.
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FIGURE 7. Two-stage detection against the measured echo from an
individual lying down. (a) The clutter-free signal (the black line) that
contains the component from an individual lying down and CA-CFAR
detector (the red line) with false alarm of 10-1 and the number of
reference cells (Nref ) is 20, and the number of guard cells (Nguard ) is 20.
(b) The frequency spectrum obtained by time series of 42nd range-bin
(the black line), which is one of the detected range bins in Fig. 7a and
CA-CFAR threshold (the red line) with false alarm of 10-12 and Nref of 20,
computed by (19). (c) and (d) are frequency spectrum (black lines) and
CA-CFAR threshold (red lines) corresponding to the 95th range bin and
102nd range bin, respectively.

We summarize the two-stage detection for an individual
lying down as follows:

A. Detect range bins using CA-CFAR detector with
high false alarm rate.

B. Obtain all frequency spectra at range bins detected
in part A.

C. Apply CA-CFAR threshold with low false alarm
rate to all frequency spectra between 0.1 Hz and
0.5 Hz.

D. At least, if one of them exceeds the CA-CFAR
threshold, then declare the existence of an individ-
ual.

D. ALGORITHM SUMMARY
The flowchart of the overall detection scheme (Fig. 9) for the
presence of individuals in a room is a sequential combination
of detection of a standing individual (Step 1 in Fig. 9) and that
of an individual lying down (Step 2 in Fig. 9). First, the detec-
tion of a standing individual (Step 1.A and B) is performed as

FIGURE 8. Two-stage detection against the measured echo from the
empty room. (a) The clutter-free signal (the black line) that contains only
clutter and CA-CFAR detector (the red line) with false alarm of10-1 and
the number of reference cells (Nref ) is 20, and the number of guard cells
(Nguard ) is 20. (b) The frequency spectrum obtained by time series
of 46th range-bin (the black line), which is one of the detected range bins
in Fig. 8a and CA-CFAR threshold (the red line) with false alarm of 10-12

and Nref of 20, computed by (19). (c) and (d) are frequency spectrum
(black lines) and CA-CFAR threshold (red lines) corresponding to 94th

range bin and 104th range bin, respectively.

FIGURE 9. Flowchart of the proposed detection scheme.

discussed in Section II.B. It is noted that the detection scheme
for a standing individual is applied to np1 pulses consisting
of a single frame, X, and detection outcomes obtained from
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np1 pulses (i.e., total np1 outcomes) are collected. Finally,
the presence of a standing individual is determined based on
decision fusion (Step 1.C) by using np1 detection outcomes
as follows:

HS0 : A standing individual does not exist,
if η = nd/np1 < 50%

HS1 : A standing individual exists, if η ≥ 50%

(20)

where nd denotes the number of pulses whose outcomes
support the existence of a standing individual. When the
detection scheme described in Section II.B is exploited for
several pulses, the detection outcomes may differ from each
other due to severe RCS fluctuations especially for a mov-
ing individual, thereby resulting in some missed detections.
Conversely, some false alarms can be observed even for the
empty room because of the imperfect clutter cancellations.
To overcome the limitations, we adopted the decision fusion
strategy in (20).

If HS1 is declared as a result of (20) (i.e., a standing indi-
vidual exists), the overall detection scheme directly produces
the final result as the existence of an individual (i.e., O).
Otherwise, in the case of HS0, a further step of detection of
an individual lying down in Section II.C (Step 2 in Fig. 9)
should be performed to declare HL1 or HL0. It should be noted
that the detection outcome for an individual lying down is
obtained using np2 pulses, which typically exceeds that of
standing individual, np1. In order to detect the respiratory
movement (which is very weak and slow), the two-stage
detection in Section II.C needs sufficient observation time to
obtain fine-resolution in the frequency domain. The observa-
tion time is directly proportional to the number of pulses, and
thus np1 < np2 in most cases.

Consequently, if an individual lying down is present (i.e.,
HS0 and HL1), the overall detection scheme declares the
existence of an individual (i.e., O). Otherwise (i.e., HS0 and
HL0), an empty room is declared (i.e., X).

III. EXPERIMENTAL RESULTS
In this section, we assess the performance of the proposed
detection scheme for the presence of individuals under indoor
and daily life situations.

A. EXPERIMENTAL SETUP
The detection experiments were performed using IR-UWB
radar, i.e., single-chip radar sensor with XeThru module
X4M03 developed by Novelda. The specification of the
IR-UWB radar used in the experiments is as follows:

- Center frequency: 7.29 GHz
- Bandwidth: 1.5 GHz (range resolution: 0.1 m)
- Pulse repetition frequency (PRF): 24 Hz
- Maximum detection range: 9.87 m
- Number of range bins, nr : 184 bins
In Table 2, the parameter setup for the proposed detection

scheme is summarized. As 24 pulses are used for Step 1,
which is depicted in Fig. 9, with a PRF of 24 Hz, the proposed

TABLE 2. Parameter setup.

FIGURE 10. Indoor environments where our experiments conducted
under. IR-UWB radar (indicated by red circles) placed at a height of 2 m.

method determines the presence of an individual at every sec-
ond. In the case of HS0 (i.e., a standing individual does
not exist) in (20), Step 2, requires 240 pulses (for ensuring
sufficient frequency resolution) to decide the presence of
an individual lying down. This implies that Step 2 requires
an additional 10 s to reach a decision. Thus, during this
additional 10 s, the proposedmethod retains the previous final
outcomes. After Step 2 has been completed, the final outcome
is updated based on the results of Steps 1 and 2. Note that we
set probabilities of false alarms pfa1, pfa2, and pfa3, for CFAR
detectors of the proposed method as the same values in all
detection experiments (from Fig. 11 to Fig. 15) with different
indoor environments.

Our experiments were conducted in two different types of
indoor environments, namely a room (4.5 m × 9.5 m) with
one TV, a few tables and chairs (normal clutter environment,
see Fig. 10a); and a room (4.5 m × 9.5 m) with a TV,
several tables, chairs, books, home appliances and so on
(heavy clutter environment, see Fig. 10b). It should be noted
that the IR-UWB radar is placed at a height of 2 m (near
the ceiling and the inner wall) and the antenna is aligned
slightly downward to cover the maximum possible room area.
It may be advantageous to install the radar on the ceiling
such that its antenna points directly downwards, for detecting
an individual lying down. However, the position of the radar
shown in Fig. 10 is more beneficial for covering the entire
space.

B. STANDING INDIVIDUAL IN A NORMAL CLUTTER
ENVIRONMENT
First, we measured echo signals for a standing individual
in a normal clutter environment in Fig. 10a. The individual
entered the room and walked around a table. Subsequently,
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FIGURE 11. Raw data obtained from the experiment with a standing
individual in normal clutter (a) and its clutter-suppressed data (b).

she left the room. During her stay in the room, she stopped
several times. The normalized raw data from the standing
individual is shown in Fig. 11a. It is difficult to discriminate
the reflections from the individual because they are very weak
when compared to the direct leakage signal at 0 m (white
arrow in Fig. 11a) from transmitting to receiving antenna and
other clutter signals.

After clutter reduction via SVD (Fig. 11b), most of the
stationary clutter components decreased, and thus reflections
from the standing individual can be enhanced. The reflections
from the standing individual were mainly composed of two
components: direct reflections and multiple ones. The former
is generally caused by the standing individual only. On the
other hand, the latter ismainly caused by interactions between
the individual and clutter, i.e., multipath effects and shadow
(see Fig. 2b) at the range bins behind the individual. For
example, between 30 s and 40 s, direct reflections appear at
4 m due to the standing individual (yellow arrow in Fig. 11b)
and strong multiple reflections at 5.4 m due to interactions
between the individual and ceiling/floor of the room (white
arrow in Fig. 11b).

Figure 12 shows the detection outcomes of the proposed
method and the conventional range-Doppler processing,
which is one of the coherent integration techniques enabling
us to improve the signal to noise ratio (SNR). The range-
Doppler map was obtained by using the normalized data
X in (5) with the coherent processing interval, np1 = 24,
which is same as the proposed method. Note that no clut-

FIGURE 12. Detection result of the standing individual in normal clutter.
(a) Ground truth and several pictures showing a standing (stationary or
moving) individual. (b) Detection outcome of the proposed detection
scheme. ‘O’ means that ‘at least, an individual exists’ and ‘X’ ‘empty
room’. The red box shows the delay caused by Step 2 in Fig. 9.
(c) Detection outcome of conventional range-Doppler processing without
any clutter reduction method. Blue boxes denote several missed
detections, and black boxes denote several false alarms. (d) Detection
outcome of the conventional range-Doppler processing with clutter
reduction scheme (SVD). Blue boxes denote missed detection and black
boxes denote false alarm.

ter reduction process was performed. Subsequently, a two-
dimensional (2D) CA-CFAR technique with a false alarm
rate of 10−6 (equal to that of Step 1.B in the proposed
method) is applied to each range-Doppler map. If one or more
range-Doppler cells have been detected, we declare at least,
‘‘O: an individual exists.’’ Otherwise, an ‘‘X: empty room’’
is declared.

When compared to ground truth (Fig. 12a), the outcome
of the proposed method (Fig. 12b) exhibits a good agree-
ment with the ground truth with the exception of the results
between 97 s and 107 s (red box in Fig. 12b). It is noted that
the proposed method requires an observation time to reach a
decision on the presence of an individual lying down as dis-
cussed in Section II.D. During this time, the proposedmethod
maintains the previous outcome even though the ground
truth corresponds to the empty room. Thus, in the interval,
97 s – 107 s, the proposed method keeps the value
at 96 s.

By investigating the ground truth (Fig. 12a) and the result
of the conventional method (Fig. 12c and Fig. 12d), the out-
comes of conventional range-Doppler map processing are
similar to the ground truth. However, many false alarms when
the outcome is ‘‘O’’ for cases where the room is actually
empty (as denoted by black boxes in Fig. 12c and Fig. 12d),
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FIGURE 13. Raw data obtained from the experiment with a standing
individual or an individual lying down in heavy clutter (a) and its
clutter-suppressed data (b).

and missed detections when the outcome is ‘‘X’’ despite
the existence of an individual in the room are observed
(as denoted by blue boxes in Fig. 12c and Fig. 12d). Fig. 12c is
the result of range-Doppler processing by using normalized
data without any clutter reduction scheme, and Fig. 12d is
that of range-Doppler processing coupled with clutter reduc-
tion method of SVD. False alarms are mainly caused by
clutter components in range-Doppler maps. Thus, most of
false alarms can be rejected by applying clutter reduction.
However, it is not a satisfactory result compared to that of
the proposed method. It is evident that a majority of the
missed detections occur when the individual is far from the
radar, due to the low SNR. Hence, the proposed method
is more robust than conventional range-Doppler process-
ing, in terms of the probability for missed detection and
false alarm.

C. INDIVIDUAL LYING DOWN IN A HEAVY CLUTTER
ENVIRONMENT
We conducted the experiment for a standing/lying down indi-
vidual in a heavy clutter environment. The individual entered
the room and walked around a table. Thereafter, she lay
on the camp bed. After a minute, she stood up and walked
around a table again. Subsequently, she left the room. Thus,
as shown in Fig. 9, two different methods, SVD for a standing

FIGURE 14. Detection result of the standing/lying down individual.
(a) Ground truth and several pictures showing a standing/lying down
individual. (b) Detection outcome of the proposed detection scheme. ‘O’
means that ‘at least, an individual exists’ and ‘X’ ‘empty room’. The red
box shows the delay caused by Step 2 in Fig.9. (c) Detection outcome of
Step 1 only, ( ‘1’: when a standing individual exists; ‘0’: for an individual
lying down and for an empty room) and (d) detection outcome of Step
2 only (‘1’: when an individual lying down exists; ‘0’: for an empty room
and for a standing individual).

FIGURE 15. Detection result of the mixed situation. (a) Ground truth
(vertical axis denotes the number of individuals. ‘total’ denotes the
number of total individuals in the room; ‘lying’ denotes the number of an
individual lying down in the room). (b) Detection outcome of the
proposed detection scheme. Red boxes denote the delay caused by Step
2 in Fig.9.

individual (Step 1.A) and RM for an individual lying down
(Step 2.A) were utilized to reduce the clutter components
contained in the raw data (Fig. 13a), and the result of clutter
reduction is shown in Fig. 13b.

In Fig. 13b, when compared to raw data in Fig. 13a,
responses due to an individual are pronounced, while those
due to clutter are significantly reduced. Specifically, Fig. 13b
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exhibits slight RCS fluctuations between 123 s and 195 s
(white arrows in Fig. 13b), which are caused by respiratory
movement from an individual lying down. However, weak
direct-leakage signal from transmitter to receiver and weak
clutter signal due to imperfect clutter cancellation of RM are
observed between 123 s and 195 s and after 259 s (yellow
arrows in Fig. 13b).

Despite the imperfect clutter reduction, our proposed
method can accurately predict the presence of the individual
whether she was standing or lying down (Fig. 14a and 14b).
It is worthy of observing final detection outcomes after the
individual leaves the room at 259 s. The ground truth after
259 s is ‘‘empty room.’’ However, several weak clutter com-
ponents still remain in the range domain, and these may result
in some false alarms in Step 2.B. Nevertheless, in Step 2.C,
through the processing of 240 pulses in the frequency domain
during a 10 s period, we can determine that respiratory
movements of an individual lying down do not exist, thereby
rejecting false alarms in the range domain. Between 259 s and
269 s, the proposed method maintains the previous decision
outcome at 258 s (as denoted by the red box in Fig. 14b). The
final outcome is reflected at 270 s. Consequently, the pro-
posed method provides the final decision outcome of ‘‘empty
room’’ at 270 s.

In order to facilitate the understanding of the proposed
method, we applied Step 1 only (Fig. 9) to raw data
in Fig. 13a, resulting in Fig. 14c. The outcomes using ‘Step
1 only’ (Fig. 14c) are exactly in agreement with the ground
truth against a standing individual (Fig. 14a). It means that the
outcomes correspond to ‘1’ only when a standing individual
exists and to ‘0’ for an individual lying down and for an empty
room.

On the other hand, the outcomes using Step 2 only
(Fig. 14d) slightly differ with the ground truth against an
individual lying down (Fig. 14a). If Step 2 is only applied to
raw data, we expect that the outcomes correspond to ‘1’ only
when an individual lying down exists, and corresponds to ‘0’
for an empty room and for a standing individual. However,
as a result of Fig. 14d, the outcomes at 60 s, 80 s, and
100 s correspond to ‘1’ for a standing individual. Even though
Step 2 was originally designed to detect the individual lying
down, it provides an outcome of ‘1’ several times for the
standing individual. This is because the respiration motion of
a standing individual can also be detected via Step 2. Note that
in Table 2, 240 pulses were used to detect an individual lying
down and PRF corresponded to 24 Hz. Thus, Step 2 makes a
decision every 10 s.

The final outcomes of the proposed method in Fig. 14b
differ from outcomes computed by the logical sum of Fig. 14c
and 14d, because Step 2 is dependent on Step 1 in the overall
algorithm (see Fig. 9). Consequently, the overall detection
algorithm in Fig. 9 exhibits good agreement with the ground
truth except for a slight delay in Step 2, and this is caused
by the time required to ensure a resolution in the frequency
domain.

D. MANY INDIVIDUALS IN A NORMAL CLUTTER
Finally, the proposed method was verified by conducting
experiments with six individuals in normal clutter. The sce-
narios depict the real situation, and this is likely to occur in
daily life. When some/all the individuals entered the room,
they walked or sat on a chair. Sometimes, one of them who
entered the room lay on the camp bed. The ground truths are
shown in Fig. 15a and the corresponding detection outcomes
are shown in Fig. 15b.

As expected, the final outcomes correspond to ‘O’ when
the room is occupied by an individual either standing or lying
down and correspond to ‘X’ for an empty room. When many
individuals were standing (from 193 s to 273 s in Fig 15),
the proposed method adopted a correct decision, ‘O’.

We further performed experiments for the mixed situation
(from 74 s to 93 s or from 398 s to 464 s in Fig. 15): indi-
viduals entered the room, some individuals were standing,
and one of them lay on the camp bed. When at least one
individual is standing, the proposed method produces the
outcome ‘O’ because Step 1 confirmed ‘HS1’ (see Fig. 9).
Therefore, the final decision corresponds to ‘O’ irrespective
of the presence of an individual lying down. After all the
standing individuals left the room, Step 2 can affect the final
decision. For example, at 93 s, a standing individual left the
room, and an individual lying down still existed in the room.
Thus, the outcome of Step 1 corresponds to ‘HS0’ while the
outcome of Step 2 corresponds to ‘HL1’, thereby leading to
an overall outcome, ‘O’.

On the other hand, at 464 s, a standing individual and
an individual lying down left the room together. Thus, Step
1 corresponds to ‘HS0’ and Step 2 also corresponds to ‘HL0’,
thereby leading to the final decision, ‘X’, after 474 s. It is
noted that even if a standing individual left at 463 s, step
2 needs 10 s to reach a final decision, and thus the pro-
posed method maintains the previous outcome until 474 s.
Similarly, at 145 s, 283 s, 464 s, and 614 s, 10 s differences
between the final decision and ground truth are observed as
shown in Fig. 15b (denoted by red boxes). However, with the
exception of the 10 s differences between the final decision
and ground truth, the proposed detection algorithm can make
correct decisions related to presence of individuals for a
realistic situation in daily life.

IV. CONCLUSION
This paper presents a robust method to detect the presence
of individuals by exploiting IR-UWB radar in an indoor
environment. In order to devise detection scheme, we first
investigate various clutter reduction techniques to determine
an optimal method in terms of detecting a standing individual
and an individual lying down, respectively. Thus, SVD was
selected as a clutter reduction method for detecting standing
individuals as it is efficient to detect both moving and station-
ary target. For an individual lying down, RMwas selected due
to its advantages for stationary and low RCS targets. After the
clutter reduction, CFAR detection was utilized to detect both
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standing and lying down individual lying down. Specifically,
in the case of detecting an individual lying down, we adopt
two-stage detection: detection in the range domain with high
detection probability (i.e., high false alarm rate) and detection
of a peak in the frequency domain, which originates from
respiratory movement. The processes overcame the imperfect
cancellation of clutter component and resulted in the detec-
tion of targets with very low RCS. Finally, we validated
the proposed detection scheme by conducting experiments
under various indoor environments. Results indicated that
the proposed method provided robust detection performances
even for a heavy clutter environment or realistic situation in
daily life.

- Improvement of performance in a harsher condition such
as time-varying clutter environment caused by moving
objects.

- Validation of detection accuracy for the situation with
two or more individuals lying down.
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