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ABSTRACT By using Multiple-Input Multiple-Output (MIMO) Frequency Modulated Continuous
Wave (FMCW) radar, a range-angle map can be obtained that displays the signal strength in two dimensions
with respect to distance and angular directions. In this process, a threshold algorithm such as Constant False
Alarm Rate (CFAR) is used to detect positions where the signal strength exceeds a certain threshold value,
enabling position estimation of targets. Furthermore, a method has been proposed to use the curve length
of the trajectory of the I/Q signal to emphasize the signal of the person’s position on the range angle map.
However, the conventional CFAR may cause false alarms when noise and clutter signals are strong. In this
paper, we propose a new method for human location estimation using the MIMO FMCW radar. Comparing
the reflected signals from people and clutter, we see that I/Q signal variations associated with human motion
have little correlation with clutter from stationary objects or noise, and I/Q signal variations associated
with clutter often have high correlation with signals at other positions. We focus on the fact that there are
many positions where the clutter component signal has a high correlation, compared to the signal caused
by a person. Using the correlation map that expresses the correlation between the received I/Q signals on
the range-angle plane, we evaluated the characteristics of noise and clutter components from walls on the
correlation map by standard deviation. As a result, we can remove strong noise and clutter components
caused from near walls, thus improving the accuracy of object location estimation.

INDEX TERMS MIMO FMCW radar, correlation, localization.

I. INTRODUCTION
Human detection radar systems have been widely studied
and have attracted attention with human identification and
the detection of biological signals such as respiration and
heartbeat. Accurate estimation of a person’s location is
also becoming important to improve the accuracy of these
detections [1], [2], [3], [4], [5], [6], [7], [8].
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Multiple-Input Multiple-Output (MIMO) radar is a radar
that can estimate the Direction of Arrival (DOA) by analyzing
the received signal using an array antenna. MIMO Frequency
Modulated Continuous Wave (FMCW) radar is an FMCW
radar equipped with an array antenna. In addition to DOA,
MIMO FMCW radar can estimate the distance between the
radar and the object. These position information can be used
for object identification [9], [10], activity recognition [11],
[12], [13], and vital sign detection [14], [15], [16], [17], [18].

To estimate the position of an object using MIMO FMCW
radar, a range angle map, which represents the signal strength
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versus distance and angle, is generally calculated. The
range angle map may incorrectly detect positions where the
target object does not exist due to noise such as clutter. In
addition, when there are multiple radars within the radar
coverage area, mutual interference can be a problem [19].
Therefore, the radar system uses a threshold algorithm such
as CFAR (Constant False Alarm Rate) [20], [21], [22],
[23], [24], to detect the target signal. However, depending
on the threshold value, the accuracy of object location
estimation tends to deteriorate. This is because noise and
clutter components can cause false alarms at locations where
the target object does not exist. Therefore, if these noises can
be reduced, the probability of false detection can be reduced.

As a previous study for human detection, there were studies
using the standard deviation of time-series I/Q signals at
each range angle bin of range angle maps [25], [26], [27].
Furthermore, as a method to suppress large clutter, the Curve
Length (CL) method to estimate the length of the trajectory
of I/Q signals [28], [29] was developed. The length of the I/Q
signal trajectory extends in proportion to the displacement of
the human biological signal and body motion and becomes
shorter for stationary objects. Therefore, using this length
to generate a range angle map would improve the Signal-
to-Clutter Ratio (SCR). However, in the presence of strong
noise and/or clutter components, this can lead to false alarms
at undesired locations.

In this paper, we propose a new human location estimation
method using MIMO FMCW radar to reduce noise caused
by clutter components on range angle maps and to improve
the accuracy of object location estimation. Comparing the
reflected signals from people and clutter, we see that I/Q
signal variations associated with human motion have little
correlation with other positions’ signals, and I/Q signal
variations associated with clutter often have high correlation
with other positions’ signals. To take advantage of these
features, we introduce a correlation map that expresses the
correlation between the received I/Q signals on a map. The
clutter component caused by a wall has the characteristic of
showing many cells with high correlation on the correlation
map. From the experimentally acquired data, we show that
the proposed method can remove strong noise and clutter
components caused by the vicinity of the wall and improve
the accuracy of object location estimation.

This paper is organized as follows. Section I describes the
research background of this study. Section II describes the
principle of MIMO FMCW radar. In Section III, we explain
the related research on the multiple-person detection using
MIMO FMCW radar and the CFAR-based position esti-
mation method for radar systems. Section IV describes the
proposed method and Section V shows the experimental
results of the proposed method. Finally, Section VI presents
the conclusion of this paper.

II. PRINCIPLE OF MIMO FMCW RADAR
In this section, we firstly explain the principle of the FMCW
radar, and then explain that of the MIMO FMCW radar. The

FMCW radar is a radar that calculates the distance to a target
by transmitting signals with themicrowave frequency linearly
swept and detecting the difference between the transmitted
signal and the reflected signal from the target. Now, let fc and
B be the minimum sweep frequency and the bandwidth of the
chirp, respectively. Also, let Tc be the sweep duration. In the
FMCW radar, microwaves are transmitted by the transmit
antenna, and the transmitted microwaves are reflected by an
object. The reflected signal r(t) is then received by the receive
antenna.

r(t) = A{cos(2π fc(t−td )+π
B
Tc

(t−td )2+φ(t−td ))}, (1)

where A is the signal power and φ(t) is the phase noise. Also,
td is given as td =

2R(t)
c , where R(t) is the range between

the FMCW radar and the object, and c is the speed of the
electromagnetic wave. The received signal is modulated into
two signals with the phase difference of π/2, i.e., in-phase
and quadrature signals. These two signals can be expressed
as a complex signal y(t).

y(t) = Aej(2π fbt+8(t)+1φ(t)), (2)

where fb = 2BR(t)/(cTc), 8(t) = 2π fctd + πBt2d/Tc, and
1φ(t) = φ(t)− φ (t − 2R/c).

The MIMO FMCW radar is an FMCW radar that has
NTx transmit antennas and NRx receive antennas [9], [10],
[11], [12], [13], [14], [15], [16], [17], [18], [28]. The
radar transmits orthogonal chirp signals from NTx transmit
antennas and receives each signal at NRx receive antennas.
As a result, NTx × NRx received signals are obtained. This is
equivalent to constructing NTx × NRx virtual array antennas.
When the reflected signal with the incident angle of θ is
received at the k th antenna of K virtual array antennas, the
received signal yk (t) is expressed as

yk (t, θ) = Aej(2π fbt+8(t)+1φ(t)+
2π
λ
dk sin θ), (3)

where λ is the carrier wave wavelength, and dk is the
relative distance between the k th receive antenna and the
reference point. By calculating the beamforming weight wk ,
the received signal for a specific beam direction can be
obtained as

Y (t, θ) =
K∑
k=1

yk (t, θ)wk . (4)

III. RELATED WORK
A. MULTIPLE PERSON DETECTION USING MIMO FMCW
RADAR
This section describes a previous study on human location
estimation using MIMO FMCW radar. In the past, studies
of human location estimation used the standard deviation
of time-series I/Q signals at each range angle bin [25],
[26], [27]. However, this method has the problem that the
normalized value of the standard deviation is limited in the
codomain range to a value between 0 and 1. This means
that larger phase variations cannot result in a larger value
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of the standard deviation [28]. The SCR cannot be increased
because the standard deviation saturates as the motion of the
target increases. Therefore, in [28], the Curve Length (CL)
method is proposed to discriminate a stationary clutter from a
person, based on the fact that the curve length of the I/Q signal
trajectory is proportional to the person’s biometric signal and
body motion. Since a person is accompanied by a fixed phase
shift due to biometric signals and body motion, by estimating
this change, it is possible to discriminate stationary clutter,
which ideally has a constant phase, from a person. Using
this property, the curve length (CL), which is the length of
variation of the I/Q signal on the I/Q plane within the coherent
processing interval (CPI), is calculated for each specified
distance and angle as follows:

CL =
√
6
TM
τ=2((I [τ ]−I [τ−1])

2+(Q[τ ]−Q[τ−1])2), (5)

where TM is the CPI, I [τ ] and Q[τ ] are the in-phase
and quadrature signals at the specified distance, angle, and
sampling time τ , respectively. If the displacement due to
target motion is large, the curve length of the trajectory of the
I/Q signals becomes large. Therefore, this method improves
the detection sensitivity of the phase variation caused by
motion and improves the detection accuracy of the target in
the range angle map.

In [28], the I/Q trajectories at the locations of persons and
a wall are shown. In [28], the I/Q trajectories at the locations
of persons is detected has a longer curve length due to the
influence of biological signals such as respiration, heartbeat,
and body motion, which cause larger phase fluctuations.
On the other hand, the I/Q trajectory at the location of a wall
shows less phase variation and a shorter curve length.

B. TARGET POSITION ESTIMATION BY CFAR ON RADAR
SYSTEMS
This section describes the Constant False AlarmRate (CFAR)
[20], [21], [22], [23], [24], which is an effective threshold
algorithm in radar systems. In a radar system, a signal is
compared to a threshold value to detect an object of interest.
It is considered difficult to determine an appropriate threshold
value for detection. In radar systems, a threshold value that
not only maximizes the detection rate but also keeps the
false alarm rate below a predetermined level is considered
good.

CFAR is a thresholding algorithm that extracts peak values
from the acquired signal that are considered to be detectable,
and with the use of appropriate threshold coefficients, the
resulting false alarm rate can be kept constant. One widely
used CFAR algorithm is CA-CFAR (Cell Average-Constant
False Alarm Rate). CA-CFAR is a technique that detects peak
values with high power based on an adaptive threshold value.
When detecting a target from a 2D position estimation map,
CA-CFAR first sets the cell under the test (CUT) as shown in
Fig. 1. Next, CA-CFAR calculates the average of the signal
power of the training cells around the CUT. An important
point here is that cells around the peak value tend to show high

FIGURE 1. Diagram of CA-CFAR.

overall values because the power of the surrounding signals
is also affected by the peak value. Therefore, guard cells are
placed adjacent to the CUT. The threshold Vth for detection
is calculated as follows:

Vth = µα, (6)

where µ is the average signal power of the training cells
and α is a scaling factor. If the signal power of the CUT is
greater than Vth, the cell is determined as ‘‘detected a target.’’
If the signal power of the CUT is less than Vth, the cell is
determined as ‘‘did not detect a target.’’ After performing
the above procedures for all the cells over a 2D position
estimation map, we can obtain a detection map where ‘‘1’’
means the detected cell, and ‘‘0’’ means the cell that is not
detected.

C. PROBLEMS OF RELATED WORK
In this section, we describe the problems of the related studies
described in the previous section, followed by an explanation
of our proposed method.

In a related study, multiple persons were detected using
a MIMO FMCW radar. By focusing on the curve length
of the I/Q signals, wall clutters were suppressed and the
person detection performance was improved. However, when
noise and clutter components from walls remain strong, the
power of the clutter signal exceeds that of the person position
signal. Fig. 2 shows the result of the clutter suppression.
Fig. 2 shows a range-angle map generated by the CL
method, and the measurements were performed using the
radar in Table 1, which is described later in Section V. For
comparison, the range angle map without a person is shown
in Fig 3. Figs. 2 and 3 show that clutter from the wall appears
relatively strong even in the environments where the target is
not present. In the presence of targets, a signal that appears
to be a multipath component caused by a person is also
generated. These noise, multipath, and clutter components
need to be suppressed because they may cause false alarms
when clutter is strong. In related work, [20] and [21]
described aCFAR-based position estimationmethod for radar
systems. This detection algorithm has been used and studied
in recent studies [22], [23], [24]. However, depending on
the threshold value, the accuracy of object detection may
deteriorate. In particular, when noise and clutter components
are strong, positions that they are not the targets may be
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FIGURE 2. Range angle map using the CL method when the wall clutter is
strong at 6.0 m and two people are at 2.5 m and 5.0 m.

FIGURE 3. Range angle map using the CL method when the wall clutter is
strong at 6.0 m without a person.

incorrectly detected. In other words, range angle maps with
strong noise and clutter components may result in false
alarms.

To solve this problem, a method to suppress the occurrence
of false alarms by applying denoising using deep learning
has been studied [30]. In [30], by applying Deep Image
Prior (DIP) to the range angle maps, the noise generated
in the case of short integration time is effectively reduced.
This method reduces the occurrence of false alarms and
improves the target detection performance. On the other
hand, in strong clutter environments, the clutter could not
be removed completely, resulting in little improvement in
detection performance. Therefore, strong clutter must be
reduced further to improve detection performance.

In this paper, we propose a new human location estimation
method using MIMO FMCW radar to improve the accuracy
of object location estimation. To achieve this objective,
we focus on the large number of locations where the signal
of the clutter component is highly correlated with the time
variation of the signal caused by the clutter component. The
algorithm incorporates a noise reduction method that takes
advantage of the characteristics of noise and clutter. The
algorithm is described below.

FIGURE 4. Flowchart of the proposed method.

IV. PROPOSED METHOD
The algorithm of the proposed method is shown in Fig. 4.
The arrows on the outside in this figure show the flow of the
conventional method. The algorithm of the proposed method
is described in turn.

A. RANGE FFT (FAST FOURIER TRANSFORM)
Fast Fourier Transform (FFT) is performed along the
measurement time for each antenna to obtain the distance
between the radar and the target.

B. BEAMFORMING
The received signal for a particular beam direction is obtained
by multiplying the beamforming weights. In this study, I/Q
data is obtained for every 1◦ in the range from −40◦ to 40◦.

C. GENERATE THE RANGE ANGLE MAP BY THE CL
METHOD
Calculate the trajectory lengths of the I/Q signals on the I/Q
plane at each range and angle and generate the range angle
map. Fig. 5 shows a range angle map using the CL method.

D. PEAK DETECTION
Obtain the top n points of the cells with the highest power on
the range angle map using the CL method.

E. GENERATE THE CORRELATION MAP
Fig. 6 shows the diagram of the correlation map calculation.
We calculate the cross-correlation of time-varying I/Q signals
between one of the previously acquired n points and all
cells. By calculating the above, we can obtain the correlation
map to check the correlation values on the range-angle
plane. To highlight strongly correlated cells, only cells whose
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FIGURE 5. Range angle map using CL method with two subjects at 2.5 m.

FIGURE 6. Diagram of correlation map calculation.

correlation values exceed a thresholdCth are extracted. In this
way, only cells that are considered to be correlated with a
reference point can be represented on the correlation map.
This process is performed for all n points obtained, and a total
of n correlation maps are output.

Fig. 7 shows a correlation map between the position
of the red square, which is the reference cell in Fig. 6,
and other areas. Here, Cth is set to 0.4 to differentiate the
correlation maps of persons and clutter. As can be seen
from this figure, the correlation map of human locations
has many locations where the output value is 0 because I/Q
signal variations associated with human motion have little
correlation with clutter from stationary objects or noise. The
locations where the output correlation value is greater than
Cth are concentrated either at the location of the person
or at different angles in the same distance as the location
of the person. Since the locations correspond to range and
angle sidelobes to the person’s position, the I/Q signal at that
location is considered to be strongly correlated with that at
the person’s position.

Next, we show the correlation map between the position
of the clutter and other areas. Fig. 8 shows the range angle
map when there are two subjects at a distance of 5.0 m and
angles of −10◦ and 10◦. The wall is located at 6.0 m, and

FIGURE 7. Correlation map between the position of the red square, which
is the reference cell, and all the cells in Fig. 6.

FIGURE 8. Range angle map using the CL method with two subjects at a
distance of 5.0 m and angles of -10◦ and 10◦.

FIGURE 9. Correlation map of the clutter signal at a distance of 6.0 m and
angle of 0◦ in Fig.8.

the range angle map has two large clutters at 0◦ and 40◦ that
would be mis-detected as human signals. A correlation map
of the clutter signal at a distance of 6.0 m and an angle of 0◦

is shown in Fig. 9.
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As can be seen from Fig. 9, the correlation map between
the wall location and other areas has a high correlation
value at many locations and shows large deviations in the
correlation values, in contrast to the correlation map of the
human-induced signal as shown in Fig. 7. Based on this
difference, the next step is to improve the human detection
performance on the range angle map.

F. STANDARD DEVIATION OF THE CORRELATION MAPS
To determine whether the reference cell is a person or a
clutter from the correlation map, the standard deviation of
the correlation map is calculated. We calculate the standard
deviation using all correlation values on the correlation map.
By calculating the standard deviation for all correlation
maps, n standard deviations can be obtained. These n values
correspond to the n points on the range angle map described
in Section IV-D. As will be discussed later, the signals in
the points where these standard deviations are low are more
likely to be signals from human motion, and the signals in
the points where they are high are more likely to be clutter
signals. Let ‘‘std’’ be the standard deviation for one of the
n points on the range angle map. For the cells that do not
satisfy 0 < std < SDth, where SDth is the threshold of the
standard deviation, the power is set to 0 on the range angle
map output by the CL method. By doing this, we can obtain
a range angle map that reduces the influence of clutters. The
reason is explained below.

For simplicity, we extend the n points selected in
Section IV-D to all cells. The standard deviation of each
correlation map is calculated, and the resulting standard
deviation is projected onto the range angle plane to generate
a standard deviation map. Two standard deviation maps are
shown in Figs. 10 and 11. In Fig. 10, there are two persons at a
distance of about 5.0 m and angles of -10◦ and 10◦. In Fig. 11,
one person is at a distance of about 2.5 m and an angle of -
20◦, and another is at a distance of about 5.0m and an angle of
about 20◦. From these figures, it can be seen that the standard
deviation maps show values below 0.1 at the positions where
people are present and at the same distance as people. On the
other hand, the standard deviation was 0.4 where the clutter
is located. These indicate that the human or human-induced
signal fits between 0 < std < 0.1. Therefore, SDth is set
to 0.1. Since the cells that do not satisfy the above condition
on the standard deviation map are not persons, the effect of
clutter can be reduced by setting the values of cells at the same
location on the range angle map to 0, as determined at the
beginning of this section.

G. CFAR
If the value of the CUT exceeds the threshold Vth, the cell
is determined to be detected. By determining for all the
cells in the range angle map, the detection map such as
Figs. 15 and 17 is obtained. In the detection map, locations
where a person is present are indicated as 1 and locations
where no person is present are indicated as 0.

FIGURE 10. Standard deviation map for two subjects at a distance of
approximately 5.0 m and at angles of -10◦ and 10◦. The colors indicate
the standard deviation values.

FIGURE 11. Standard deviation map with the subject at a distance of
about 2.5 m and an angle of about -20◦, and at a distance of about 5.0 m
and an angle of about 20◦. The colors indicate the standard deviation
values.

V. EXPERIMENTAL EVALUATION
To evaluate the performance of the proposed method,
we conducted experiments to estimate the location of persons
in an indoor environment. Informed consent was obtained
from all subjects prior to the experiments. In this section,
we first describe the experimental specifications and then
present the experimental results.

A. EXPERIMENTAL SPECIFICATIONS
A 79 GHz MIMO FMCW radar with 12 virtual element
antennas was used in the experiments. Table 1 lists the
radar specifications. The MIMO FMCW radar used in this
experiment consists of a linear array of three transmitting
antennas and four receiving antennas. The distance between
two adjacent transmit antennas is twice the wavelength.
The distance between adjacent receive antennas is half
wavelength. When chirp signals are transmitted from each
transmit antenna in turn and received by each receive antenna,
12 chirp signals are obtained. These signals are the same
as those received by the 12 receiving linear array antennas.
In the experiment, the radar was oriented horizontally so

VOLUME 11, 2023 2615



K. Endo et al.: Multi-Person Position Estimation Based on Correlation Between Received Signals Using MIMO FMCW Radar

TABLE 1. Radar specifications.

FIGURE 12. Experimental configuration.

TABLE 2. CA-CFAR parmeters.

that the linear array antennas of the MIMO FMCW radar
were positioned horizontally. Fig. 12 shows the experimental
configuration. Figs. 13 and 14 show the experimental
environment. In the experiment, two subjects sat in two
different positions, ‘‘1’’, ‘‘2’’, ‘‘3’’, and ‘‘4’’, as shown in
Fig. 12. MIMO FMCW Radar can detect multiple targets
simultaneously because it can obtain signals for each range
and angle by generating range angle maps. We chose the
above location to simplify the evaluation of target detection
performance in subsequent evaluations. The positions 1 and 2
were about 5.0 m from the radar, and the positions 3 and
4 were about 2.5 m from the radar. Informed consent was
obtained from all subjects before experimenting. The distance
between the positions 1 and 2, 3 and 4 was about 1.0 m.
There was a wall at about 6.0 m from the radar. Table 2 shows
the CA-CFAR parameters. The performance of the proposed
method was evaluated based on these parameters.

FIGURE 13. Experimental environment (Subjects side).

FIGURE 14. Experimental environment (Radar side).

B. DEFINITIONS FOR EVALUATION
To evaluate the performance of the proposed method, we first
define ‘‘detection’’ and ‘‘false alarm.’’ Fig. 15 is the detection
map after applying CFAR. First, the areas where the targets
were present in each experimental configuration are set as
shown in the red box. If there is a point detected as a target
in the red box, the detection map is defined as ‘‘detection.’’
If there is a point detected as a target outside the red box, the
detection map is defined as ‘‘false alarm.’’ The size of the red
box is set to an angle of about 20 degrees and a distance of
about 20 cm.

Next, based on the above definitions, we define the
detection rate Pd and false alarm rate Pfa as follows:

Pd =
Nd
Nm
, (7)

Pfa =
Nfa
Nm
, (8)

where Nd is the number of range angle maps determined
as ‘‘detection,’’ Nfa is the number of range angle maps
determined as ‘‘false alarm,’’ and Nm is the total number
of range angle maps. Because there were two people as
targets, one range angle map was calculated as 1 if both
targets were detected, 0.5 if only one target was detected,
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FIGURE 15. How to determine ‘‘detection’’ and ‘‘false alarm.’’.

and 0 if neither was detected. In calculating Nd , the sum of
above values was taken as Nd . One range angle map was
generated using 12 seconds of data. Since the measurement
time was 60 seconds for each location, 13 range angle maps
were generated in 4 second steps for each measurement.
We calculated the detection rate Pd and the false alarm rate
Pfa using Nm = 13 range angle maps when the CFAR
scaling factor α was varied from 1.0 to 9.9 by 0.1 steps.
The resulting 90 combinations of Pd and Pfa were used
to obtain Receiver Operating Characteristic (ROC) curves.
Furthermore, the Area Under Curve (AUC), which represents
the area under the ROC curve, was calculated and compared
between the proposed method, the conventional method
shown in Fig. 4, and the denoisingmethodwith DIP described
in Section III-C. Here, the conventional method refers to a
method to detect targets by generating the range angle maps
using the CL method [28] and applying CA-CFAR as is.

C. EXPERIMENTAL RESULTS
Fig. 16 shows the range angle map using the CL method
for the case where the subjects were at positions 1 and 2 in
Fig. 13. In Fig. 16, there are two positions with strong cell
power at 5.0 m, corresponding to two subjects. We can also
see a large clutter at the 6.0 m, corresponding to the wall
location. This clutter may unintentionally cause a detection
in the detection map after applying CA-CFAR.

Fig. 17 shows (a) The detection map generated by the
conventional method and (b) by the proposed method.
To generate Fig. 17, α was set to 1.9. As mentioned above,
‘‘1’’ is a detected cell and ‘‘0’’ is a cell that is not detected
in the detection map. In Fig. 17(a), there are two detected
regions near 6.0 m where no one exists. On the other hand,
no such false alarms are observed in Fig. 17(b). These results
indicate that the proposed method can reduce the effects of
clutter components that may cause false alarms.

Next, the detection rate Pd and the false alarm rate Pfa
were calculated using 13 range angle maps for each of
the conventional, proposed, and denoising methods when α
was varied from 1.0 to 9.9. Then, 90 combinations of Pd

FIGURE 16. Range angle map using the CL method.

FIGURE 17. Comparison of the detection maps (α = 1.9) generated by
(a) the conventional method, (b) the proposed method, where ‘‘1’’ means
the detected cell, and ‘‘0’’ means the cell that is not detected.

and Pfa were plotted on the Pd - Pfa plane to draw the
ROC curves. The AUC of the ROC curves was calculated
for the conventional method, the proposed method, and the
denoising method, and is shown in Table 3. n in the proposed
method represents the number of cells with the highest
power selected to generate the correlation map described in
Section IV-D and IV-E. As shown in Table 3, the proposed
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TABLE 3. AUC of the conventional method and the proposed method using 12 seconds of measurement data (n: the number of the extraction points).

TABLE 4. AUC of the conventional method and the proposed method using 5 second integration (n: the number of the extraction points).

TABLE 5. AUC for the conventional method and the proposed method using 20 second integration (n: the number of the extraction points).

method improves the conventional method in all positions,
regardless of the value of n. A notable case is when the
subject positions were (1, 2). This configuration was when
clutter strongly occurred at the 6.0 m position, as shown
in Fig. 16. The proposed method reduced the effect of
clutter and improved the AUC by about 23% at maximum.
In addition, the AUC improves in many cases as n, the
number of the extraction points of cells with high power,
increases on the range angle map using the CL method. This
result shows a trade-off between the calculation time and the
detection performance since the calculation time increases
as the number of the extraction points increases. It can be
confirmed that the AUC of the proposed method when n is
100 is higher than that of the denoising method with DIP, the
latest target detection method.

Next, we check the AUC when the integration time to
generate the range angle map is shorter or longer than
12 seconds. We set up the following cases for shorter and
longer integration times.

• 5 second integration with 5 second steps, 12 range angle
maps.

• 20 second integration with 5 second steps, 9 range angle
maps.

The detection rate Pd and the false alarm rate Pfa were
calculated using the above number of range angle maps. The
ROC curve was then drawn in the same manner and the AUC
was calculated. Table 4 shows the AUC of the conventional
method and the proposed method using 5 second integration,
and Table 5 shows the AUC of the conventional method and
the proposed method using 20 second integration. As can be
seen from these tables, the average AUC of the proposed
method for both 5 and 12 seconds of integration time is
improved over the conventional method. As in the case of the
12 seconds integration, the clutter was strong at the subject
positions (1, 2), so the proposed method improves the AUC
significantly.

Next, the relationship between the number of the extraction
points andAUC is shown. From the results of Table 3, Table 4,
and Table 5, we know that the AUC value improves as the
number of the extraction points increases. This result was
confirmed by increasing the number of the extraction points
not only to 100 but also to 200. Fig. 18 shows the relationship
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FIGURE 18. Relationship between the number of the extraction points
and the AUC in 12 seconds of measurement time.

between the number of the extraction points and the AUC
of the cells with high power on the range angle map using
the CL method at a measurement time of 12 seconds. From
this figure, the AUC is flat or slightly increasing except at
the subject positions (1, 2), which are indicated by the blue
line. On the other hand, at the subject’s position (1, 2), the
AUC tends to improve with increasing n. This condition is
where clutter was strong, as described above. Considering
the real environment, it is possible that clutter may be strong
and that the number of clutter may increase. Considering
these points, it is expected that the detection accuracy will be
greatly improved by increasing the number of the extraction
points in the real environment, rather than in the environment
where the location of walls and other objects is known, as was
used in this study.

VI. CONCLUSION
This paper proposes a new method for estimating human
positions using MIMO FMCW radar to reduce noise due
to clutter components on range angle maps. Focusing on
the correlation of I/Q signals at each distance and angle,
we proposed a method to distinguish between signals caused
by humans and those caused by clutter. The proposed method
takes advantage of the fact that signals caused by clutter
components have a large number of highly correlated cells
on the correlation map, while signals caused by humans
have only a small number of highly correlated cells at
the same distance. The correlation map, which expresses
the correlation between received I/Q signals on the range-
angle plane, was introduced, and the clutter on the range
angle map was reduced by evaluating the characteristics of
clutter components from walls on the correlation map by
their standard deviations. As a result, the proposed method
improved the AUC by more than about 23% compared to
the conventional method in the case of strong clutter near the
wall, and the proposed method improved the average AUC by
more than about 3% compared to the conventional method in
the case of no strong clutter.
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