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Chapter 1

Introduction

1.1 Social background

0

1000

2000

3000

4000

5000

6000

7000

8000

1980 1990 2000 20202010 2030

N
um

be
r 

of
 e

ld
er

ly
 

li
vi

ng
 a

lo
ne

[thousand people]

Years

statistic estimate

Male
population 

Female
population 

Figure 1.1: Trends of the elderly population living alone

Recently, the COVID-19 pandemic has had a widespread impact, highlighting the issue of staying

indoors demand. Furthermore, with the advent of an aging society, the number of elderly people living

alone is increasing in Japan. Fig.1.1 shows the trends of elderly people living alone, and it can be seen

that this increasing phenomenon will remain for decades. There has been a corresponding rise in the

incidence of accidental falls in elderly households, and the concerning problem of isolated deaths among

the need for direct contact with the human body handicaps the latter global scale. As a result, there

is a growing need for systems that can efficiently monitor the safety of the elderly.
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1.2 Conventional safety monitoring system for the elderly

There are a variety of monitoring systems available with many features for the care of the elderly

[1]∼[5]. For example, internet-enabled security cameras have made it possible to see our elder parents

from any part of the world on our smartphones or computers [6]. Gadgets with GPS and motion

sensor-enabled devices are available in a smartwatch or a bracelet to detect the location of a patient or

to detect if the patient had any fall, in case of an emergency they have a panic button.[7]. Although

these systems are easy to deploy, however, the former has problems with privacy violations in private

places like bathrooms and toilets, moreover, They tend to have blind areas behind a large object. The

latter one is directly attached to the human body, where it will cause contact restrictions, discomfort,

and increased mental burden due to restraint. Moreover, there are also health problems caused by

long-term use. Furthermore, it is inconvenient for elderly people because of the charging problem. By

considering these reasons, a safety monitoring system that can monitor the health status and location

of the elderly without these issues is required.

1.3 Biological position estimation technology using microwave

In Chapter 1.2, we have discussed the existing issues of conventional safety monitoring systems for the

elderly. In addressing this demand, the use of wireless biomedical sensors for safety monitoring has

garnered significant attention [43]∼[46]. Unlike traditional safety monitoring systems, this approach

does not violate privacy, and body contact is unnecessary. Furthermore, these studies investigated the

possibility of detecting physiological parameters without any contact and achieved the monitoring of

vital signs. Breathing and heart rates are two of the most studied physiological parameters for creating

contactless sensors [47]∼[50]. Fluctuations in the superficial arteries are linked to heart activity, whereas

the principal function of the respiratory system is to exchange gases from the inside to the outside of

the body. In this context, the use of radar sensors for noncontact detection of the Doppler effect

caused by human-body motion (e.g., respiration) has emerged as an interesting research topic fueled by

tremendous technological advancements [51]∼[55]. In this field, a vital sign observation method using

multiple-input multiple-output (MIMO) and single-input multiple-output (SIMO) radar technology has

been proposed [56]∼[62].

MIMO radars are classified into two types based on the configuration of their transmitting and

receiving antennas: monostatic and bistatic. Monostatic MIMO radars typically require a relatively

large bandwidth. By contrast, bistatic MIMO radars require only a narrowband continuous-wave (CW)
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signal. Moreover, they have been widely studied because of their known capabilities in (i) improving

the precision and dependability of vital sign detection [63], [64] and (ii) providing good positioning

accuracy of human-body locations. Bistatic MIMO radar localization [65]∼[67] is also an essential topic

in safety monitoring applications. These MIMO radars observe the signals Doppler-shifted by human

activity and estimate both the directions of departure (DoD) and direction of arrival (DoA). Human-

body locations can be estimated by determining the intersection points in these two directions. Related

works have presented an improved DOA/DOD estimation method suitable for human body localization

that uses bistatic MIMO radar [15]-[18]. Chen et al. [15] adjusted the DOA/DOD estimation model

by solving the unknown mutual coupling effect between antennas. Wen et al. [16] compared different

estimation algorithms and proposed a covariance-based trilinear decomposition estimator. Tang et al.

[17] proposed another novel grid-free DOD and DOA estimation algorithm. Gong et al. [18] utilizes

an improved U-ESPRIT algorithm to estimate DOD and DOA jointly. These works only focused

on the direction-finding problem and estimation algorithms. Unfortunately, the existing version of

these methods assumes the ideal situation, e.g., transmitter and receiver are fully synchronized [19].

E. Cardillo and A. Caddemi [20] reviewed and discussed the existing MIMO technologies and their

application to vital sign detection and human localization.

Among the state-of-the-art publications listed, most of the reported biomedical MIMO radars are

monostatic, very few publications describe bistatic variants, and with regard to the bistatic MIMO

radars mentioned, none of the listed papers addressed the frequency difference between the transmitter

and receiver. They assumed no frequency differences between the transmitter and receiver. But in

actual use, to reduce the cost of the radar system and suit the bistatic MIMO radar, it is desirable to

use commercially available devices. For example, utilizing cheap Wi-Fi chips at the transmitter and

receiver sides significantly reduces the cost of the radar system. With the spread of Wi-Fi-equipped

with multiple antennas to support bistatic MIMO systems, using antenna array-based technology for

indoor localizing is attracting attention. Sasakawa et al.. [21] proposed a method that can localize

the targets ’ (up to three) positions within a few seconds. This method uses the time-differential

MIMO channel, created by cyclic human activities such as respiration and heartbeat. This MIMO

radar can estimate target position faster and accurately. However, this method requires the antennas

to be calibrated due to the phase error caused by the radio frequency (RF) front end. Sasakawa et al..

[22] have also proposed an antenna array calibration method. This method uses the SIMO channel, and

living body direction can be estimated by aDOAdetermination method. The proposed method does not

require any hardware for calibration, and the phase error due to the RF front end is estimated and fixed
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from known subject direction information gathered in a calibration step. Though this calibrated array

antenna can estimate living-body direction within an acceptable range of error, the resulting radar

system is unable to localize living bodies. Moreover, this calibration method can only offset the phase

error caused by RF front end, and fails to remove the time-varying phase errors that exist between the

transmitters and receivers.

Frequency synchronization is always a big challenge for bistatic MIMO radar [23, 24] since the

transmitter and receiver have their own oscillators with different clock frequencies due to the limited

accuracy of commercial devices. The localization performance with separated radar units was discussed

in [25]. Although the author of [25] proposed solutions to estimate and correct local oscillator drift

and phase noise, wide bandwidth is needed to compensate for the frequency and phase drift and

only FMCW radars are supported. D. Liang et al. [26, 27] proposed a synchronization phase-error

estimation and compensation method suitable for bistatic synthetic aperture radar (BiSAR). However,

the proposed scheme is for satellites, not for commercial off-the-shelf (COTS) based radar systems.

These synchronization methods impose additional, expensive hardware requirements at the receiver.

To achieve higher frequency accuracy and better localization performance from bistatic radars, some

techniques that adopt stable and highly accurate references, such as the Global Positioning System

(GPS) based clock synchronization system, have been studied [28, 29]. However, though GPS has high

outdoor localization accuracy, it requires expensive hardware equipment on both sides and cannot be

applied to indoor environments because the GPS signal is not available in most indoor environments.

P. M. Marques et al. [30] proposed a low-cost passive bistatic radar, using commercial off-the-shelf

(COTS) components. This study used two commercial devices with independent local oscillators.

This system meets the low-cost requirement, and it can detect metallic objects with a range of up

to 50 meters in an outdoor situation. However, indoor localization performance has not been tested.

Moreover, their frequency accuracy is quite low due to the use of quartz crystal oscillators. Therefore,

the frequency error between the transmitter and receiver remains a severe problem for low-cost bistatic

MIMO radar. In particular, the frequency difference between transmitter and receiver severely degrades

detection performance because the Doppler shift created by human body movement is extremely small

and cannot be correctly detected. Therefore, a method that allows unsynchronized systems to estimate

target locations in indoor environments accurately is needed.

As we discussed above, to achieve a low cost for a localization system, another option is to utilize

the SIMO-based radar approach using COTS devices. It is often more budget-friendly compared to

specialized MIMO hardware, which can significantly reduce the overall implementation cost. Moreover,
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SIMO-based COTS devices are readily available and can be relatively easy to integrate into existing

systems, especially since the devices do not have a full RF chain that is, only a single antenna can

transmit the signal, simplifying the implementation process.

J. Xiong et al. [69] presented a CW-SIMO radar with a digital beamforming (DBF) technique for

detecting multitarget vital signs. S. Shi et al. proposed a COTS-based system that can detect a person’

s respiration rate in dynamic ambient environments using a single transmitter (TX) and receiver (RX)

pair of Wi-Fi stations [70]. Although these approaches can detect information on vital signs, their

position estimation has not been thoroughly investigated. Significantly few studies on human-target lo-

calization using SIMO radar have been mentioned [71, 72] because SIMO radars only have the capability

of DoA finding owing to the lack of channel information, and position detection is always a significant

challenge. Ref. [71] proposed a single-frequency continuous-wave Doppler radar sensor implemented

with a redundant SIMO architecture to precisely localize an indoor target. The described 2-D motion

imaging algorithm was derived by computing the intersection points of three elliptical surfaces based

on the spatial coordinates of the transmitting and receiving antennas with a specified imaging plane.

However, this method is only effective when the target distance is comparable to the antenna aperture

width. This implies that this method can only localize nearby targets. Ref.[72] proposed a telescopic

structure-based SIMO ultra-wideband (UWB) radar with an improved method for detecting and locat-

ing multiple human targets under through-wall conditions. Although this approach includes only one

transmitting antenna and three receiving antennas integrated with a telescopic structure for simplicity

and portability, it requires a relatively large bandwidth. Moreover, the transmitter and receiver share

the same oscillator. By contrast, in the COTS-based bistatic system, the transmitter and receiver

are physically separated when utilizing two stations as transceivers because of the limitations of clock

accuracy in their individual oscillators, where the frequencies of each station are inherently different.

The phase error between the two stations strongly affects the localization accuracy; however, such a

situation has not been considered.

1.4 Purpose of this study

As mentioned in the previous section, to reduce the cost of the radar system and suit the bistatic bio-

radar, it is desirable to use commercially available imperfect RF devices. However, in such a COTS-

based bistatic system, the transmitter and receiver are physically separated when utilizing two stations

as transceivers because of the limitations of clock accuracy in their individual oscillators, where the

frequencies of each station are inherently different. The phase error between the two stations strongly

5



affects the localization accuracy.

This study aims to propose and experimentally evaluate a frequency offset elimination technique

suitable for MIMO and SIMO/MISO array-based bio-radar systems using imperfect RF devices, to

achieve human-bodies localization in an indoor environment.
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1.5 Structure of this thesis

Figure 1.2 shows the structure of this paper.

In chapter one, the technical background of modern detection systems is introduced, and the existing

problems with these systems are discussed. Then the effectiveness of the bistatic MIMO radar in safety

confirmation applications is mentioned. Also, the realization of localization using bistatic SIMO radar

is discussed. To reduce the cost problems, the problems in bistatic MIMO and SIMO radar using

imperfect RF devices for localization are listed. Among the raised problems, the target of this study

was frequency offset elimination between the transmitter and receiver and target detection concerning

the importance of realizing this system.

In chapter two, we present and experimentally evaluate a frequency error elimination technique suitable

for unsynchronized bistatic MIMO radar for human-body detection.

In chapter three, we introduce an accurate human-body localization using a roundtrip SIMO channel

and a frequency error elimination technique for the roundtrip channel between two stations is proposed.

In chapter four, a living-body positioning technique that integrates Time-of-flight (ToF) and Direction

of Departure (DoD) utilizing real Wi-Fi stations is analyzed.

Chapter five is a summary.
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Figure 1.2: Structure of this study
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Chapter 2

Frequency offset compensation of
unsynchronized bistatic MIMO
radar for multiple human-body
localization

2.1 Frequency offset compensation of unsynchronized bistatic
MIMO radar for multiple human-body localization

This section starts by reviewing human body localization based on bistatic CW-MIMO radar, then

discusses some technical issues in COTS-based bistatic MIMO radar. Next the frequency error elimi-

nation technique based on target detection is discussed. Finally, simulation and experimental results

are analyzed.

2.1.1 Review of human body localization using bistatic MIMO radar

The authors have investigated the performance of bistatic-CW MIMO radar for living-body localization

in a multipath environment [55]. The target detection method is reviewed below.

Fig.2.1 shows the concept of human-body localization using bistatic MIMO radar. The proposed

method uses MR and MT element antennas at the receiver and transmitter sides, respectively. The

observed MR ×MT time-variant MIMO channel is written as

H(t) =

 h11(t) . . . h1MT
(t)

...
. . .

...
hMR1(t) . . . hMRMT

(t)

 , (2.1)

where, hij is the complex channel response from the j-th transmitter to the i-th receiver, and t

represents the time of channel observation. This response is converted into a MRMT × 1 virtual SIMO
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Figure 2.1: Concept of MIMO radar for human identification.

(Single-Input Multiple-Out) channel as follows

h11(t) = [h11(t), · · · , hMR1(t), h21(t), · · · , hMRMT
(t)]T . (2.2)

Due to the multi-path environment, there are some unwanted paths that interfere with target localiza-

tion. Therefore, to extract the frequency components corresponding to just the vital signs, the channel

is Fourier-transformed to yield

F (f) = [h11(f), · · · , hMR1(f), h21(f), · · · , hMRMT
(f)]T . (2.3)

The correlation matrix using frequency response at the receiver side is expressed as,

RFF = F (f)F (f)
H
(f1 < f < f2), (2.4)

where, f1 and f2 are the frequency range containing the influence of the vital signs; {·}H represents

the complex conjugate transposition. Eigenvalue decomposition yields both the eigenvector matrix and

eigenvalue. Finally, using the steering vectors corresponding to DOD and DOA, we can find the peak

values of the 2-dimensional MUSIC spectrum. Living-body locations can be estimated by finding the

intersection points of these two directions [55]. The MUSIC method requires knowledge of the number

of targets and we assume this information is known [42]. Theoretically, using the MUSIC algorithm to

detect sources has an upper limit on the number of detected sources determined by the number of the

receiving and transmitting antenna elements. In this case, the limit is MR ×MT − 1. If the number of

antenna increases, more channel information becomes available, and more sources can be detected.

2.1.2 Technical issues in COTS-based bistatic MIMO radar

The preceding section mentioned the theoretical method for the human body localization using bistatic

MIMO radar. However, in the actual performance, despite the aforementioned advantages, this radar
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has also significant issues to be solved. The most important issue is the frequency synchronization

between the transmitter and receiver because it causes the degradation of multiple target detection.

The discussion of these problems is as follows.

Ensuring frequency synchronization is crucial for accurately detecting signals. Yet, in practical sce-

narios, commercially available devices are employed, leading to challenges. Specifically, the frequency

variance between the transmitter and receiver significantly hampers signal detection by failing to ac-

curately capture the Doppler shift caused by the human body. The separation of transmitters and

receivers in bistatic systems results in individual oscillators with inherently different frequencies due

to clock accuracy limitations. While signal processing effectively removes frequency offsets in com-

munication systems, it inadvertently eliminates the intended Doppler shift caused by targets, thereby

undermining target localization performance.

Detecting multiple targets presents distinct challenges compared to single target estimation. The

complexities arise from uncertainties, leading to compromised localization performance caused by an

unknown number of targets, limitations in antenna count resulting in missing targets, and increased

disruption from the multipath channel. Consequently, the multitarget tracking problem remains a

substantial challenge due to these intricate and varied factors.

2.2 Frequency offset elimination

Assuming the frequency of the transmitter platform is fT , and the oscillator frequency of the receiver

platform is fR. Since the bistatic system’s transmitter and receiver are separated, the transmitter and

receiver have individual oscillators, and their frequencies are inherently different (fT ̸= fR) due to clock

accuracy limits. The frequency deviation between the two oscillators ∆f is:

∆f(t) = fT (t)− fR(t). (2.5)

The observed MR×MT time-variant MIMO channel with phase difference introduced by frequency

deviation can be expressed as

H(t) =

 h11(t) · · · h1MT
(t)

...
. . .

...
hMR1(t) · · · hMRMT

(t)

 exp(2πj∆f(t)). (2.6)

The observed channel can be written as

H(t) = {Hfix +Hvital (t)} exp(2πj∆f(t)) +Hnoise (t), (2.7)
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where Hfix and Hvital (t) represent fixed channel and micro-Doppler channel due to human body’s

displacement, respectively. Hnoise is the noise component due to the thermal noise. Note thatHvital (t)

does not have a constant component, which is included in Hfix, and we assume E [Hvital (t)] ≃ 0. Hfix

mainly consists of the direct path because we assume that the transmitter and the receiver are in a

line-of-sight (LOS).

In this paper, the Hfix is used to eliminate the phase error in the channel because we can estimate

phase rotation if Hfix is known. Even though the accurate information of Hfix is not available, we

can approximately estimate the eigenpath of the Hfix by computing the correlation matrix instead of

knowing Hfix . The correlation matrix at the receiving side is described as

RMR
=E

[
H (t)H (t)

H]
=E

[[
{Hfix +Hvital(t)} exp(2πj∆f(t)) +Hnoise(t)

]
[{

HH
fix +HH

vital (t)
}
exp(−2πj∆f(t)) +HH

noise (t)
] ]

=E
[{

HfixH
H
fix +Hvital(t)H

H
fix +HfixH

H
vital(t)

+Hvital(t)H
H
vital(t)

}
+Hnoise (t)

{
HH

fix +HH
vital (t)

}
exp(−2πj∆f(t))

+ {Hfix +Hvital(t)} exp(2πj∆f(t))HH
noise (t)

+Hnoise (t)H
H
noise (t)

]
≃E

[
HfixH

H
fix

]
+ E

[
Hvital(t)H

H
vital(t)

]
+ E

[
Hnoise(t)H

H
noise (t),

]

(2.8)

where the phase rotation is ideally eliminated in the correlation matrix. Also E
[
Hnoise (t)H

H
noise (t)

]
=

σ2
nI because the noise component is assumed to be identically distributed and zero-mean Gaussian

white. [Hnoise (t)
{
HH

fix +HH
vital (t)

}
exp(−2πj∆f(t))] = E [{Hfix +Hvital(t)} exp(2πj∆f(t))HH

noise (t)] =

0 because E[Hnoise (t)] = 0, and the noise is independent of other components. Also, E[Hvital(t)H
H
fix] ≃

E[HfixH
H
vital(t)] ≃ 0 because we assume E[Hvital] = 0, and Hvital(t) and Hfix are independent.

It is obvious that Hfix is dominant in the channel H(t) because it contains the direct path, and

the largest eigenvalue in RMR
corresponds to the path intensity of the Hfix. Then, the eigenvalue

decomposition is applied to RMR
as follows,

RMR
= URDRU

H
R , (2.9)

UR = [uR1,uR2, . . . ,uRMR
] , (2.10)
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DR = diag [λR1, λR2, . . . , λRM ] , (2.11)

where UR is an eigenvector matrix, and DR is a diagonal eigenvalue matrix, where λR1 ≥ λR2 ≥ . . . ≥

λRM . Similarly, the correlation matrix at the transmitter side is computed by

RMT
=E

[
H (t)

H
H (t)

]
≃E

[
HfixH

H
fix

]
+ E

[
Hvital(t)H

H
vital(t)

]
+ E

[
Hnoise(t)H

H
noise (t)

]
,

(2.12)

and RMT
is decomposed as,

RMT
= V TDTV

H
T , (2.13)

V T = [vT1,vT2, . . . ,vTMT
] , (2.14)

DT = diag [λT1, λT2, . . . , λTM ] . (2.15)

Because the 1st eigenvectors mainly represent the direct path as described above, uR1 and vT1 can

retrieve the direct paht ’s signal response as,

Φ(t) = uH
R1H(t)vT1. (2.16)

Finally, by using ϕ(t), the frequency deviation 2π∆f(t) can be removed as,

Hcal(t) = H(t)Φ−1(t). (2.17)

At this time, a new time-variant channel Hcal(t) without phase error is calculated.

2.3 Simulation

2.3.1 Simulation condition

Table 3.1 lists the simulation parameters assumed in this study. The number of the transmitting

and receiving antennas is 8 at both sides. The distance between transmitter and receiver is 7 m, the

antenna height is set to 1.0 m, and the element spacing for both transmitter and receiver arrays is 0.5

wavelength. The room is assumed to be 8 × 8 m. A zero-mean Gaussian noise matrix is added to

the channel matrix to simulate a multipath environment. We assume the presence of a single living

body, and the data of a total of 64 trials are collected. The vital sign channel with various frequency

errors is calculated; the vital sign frequency range is set from 0.1 Hz to 5 Hz. In order to utilize the

direct path, the direct path channel between the transmitter and receiver is also calculated. The total

power Pvital + Pdirect is assumed to equal 1. Finally, the time-variant MIMO channel is computed by

summing the vital sign, direct path, and noise components.
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Table 2.1: Simulation condition

Number of Tx 8
Number of Rx 8

Element spacing d, [m] 0.5λ
Frequency used [GHz] 2.47125

Sampling frequency [Hz] 250
Height of antenna, h [m] 1.0
Observation time [s] 30
Number of targets 1
Frequency error [Hz] 0 ∼ 100

Number of target positions 64
Vital sign frequency [Hz] 0.5

Extracted frequency range [Hz] f1 = 0.1 (lowest), f2 = 5.0 (Highest)

Power ratio,
Pvital

Pdirect

[dB] -20 ∼ 20

L
ocalization error [m

]

Figure 2.2: Localization error versus power ratio and frequency error (without phase correction).

L
ocalization error [m

]

Figure 2.3: Localization error versus power ratio and frequency error (with phase correction).

2.3.2 Simulation results

Fig.2.2 shows localization error versus power ratio and frequency error. As shown in this figure, when

the power of the vital sign is weak, and frequency error exists, the localization error is around 2 m, which

14



means the radar system is failing to detect the target location because there is no phase correction. As

the power of the vital sign increases, the localization error is reduced.

Fig.2.3 plots localization error versus power ratio and frequency error when the proposed phase

correction method is applied to the channel. As shown in this figure, even when the power of the vital

sign is weak and frequency error exists, the proposed method can successfully counter the frequency

error, and localization error is almost 0 m. However, the proposed method does not work when the

power of the vital sign exceeds the power of the direct path, even though this situation does not happen

in a natural environment. This is because this method tries to synchronize with the dominant path

between the transmitter and receiver. When the power of the vital sign is stronger than the direct path,

this MIMO system eliminates vital signs in this condition, and localization error becomes significant.

This means the proposed method can eliminate the phase error successfully within a feasible range.

2.4 Measurement

2.4.1 Measurement conditions

Table 2.2: Experiment condition

Antenna element Horizontal patch antenna
Number of Tx 8
Number of Rx 8

Element spacing, d [m] 0.5λ
Angle of the antennas 45
Frequency used [GHz] 2.47125

Sampling frequency [Hz] 250
Antenna height, h [m] 1
Observation time [s] 30
Number of targets 1 ∼ 6

Distance between targets [m] 2
Number of measurement points 30
Extracted frequency range [Hz] f1 = 0.1 (lowest), f2 = 5.0 (highest)

Figure 2.8(a) and Figure 2.8(b) shows the photos of the antenna used in the experiment. In this

experiment, the distance between transmitter and receiver is 8 m, and the direction of the transmitter

and receiver is 45 degrees into the monitoring area so that the whole space can be covered by the

electromagnetic waves. The height of the antenna was set to 1.0 m, and the element spacing for both

transmitter and receiver was 0.5 wavelength.

Figure 2.5 shows the system overview of this experiment. The signal generators (SGs) provide a

continuous wave (CW) signal of 2.47125 GHz at both the transmitter and receiver sides. The generated
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Rx antenna Tx antenna

Target 1
Target 2

Target 3

Figure 2.4: Measurement setup.

Living-body

SP64T

Data acquisition 
unit (DAQ)

Down
Converter

LNA

Rx arrayTx array

Amplifier

D = 8.0 m

h = 1.0 m

Signal 
generator 1 Signal 

generator 2

Figure 2.5: System overview. In this experiment, in order to emulate both synchronized and unsyn-
chronized condition, independent signal generators are used at the transmitter and receiver sides.

LNA and Down-
Converter Signal Generator

DAQ

Figure 2.6: Measurement environment.

signal at SG1 went through ATT (Attenuator) and the transmitting amplifier to control the transmitted

power. A single-pole 64 throw (SP64T) is used to switch the signal to all transmitter antennas. In

this experiment, the SG1 output was set at 15 dBm, the ATT was set at 20 dB, and the gain of the

transmitting amplifier is 24 dB. The power at the transmitting antenna port was at 8.4 dBm because

the power is attenuated by the cables and SP64T.

At the receiver side, the received signals are input to a down-converter (DC) unit by way of low-
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d = 60.0 mm

T = 1.6 mmH = 62.0 mm

W = 510 mm

Figure 2.7: Overview of microstrip antenna array

(a) Tx (b) Rx

Figure 2.8: Photos of antenna used in the experiment

noise amplifier (LNA). Then the down-converted baseband signals (I1,Q1, I8,Q8) are digitized and

recorded by data-acquisition unit (DAQ). Figure 2.9 shows a photo of the receiver system used in the

measurement. The signals output from the receiver antennas are input to the DC via an LNA with a

gain of 40 dB.

In order to emulate the unsynchronized condition, as shown in Fig. 2.10, there were 2 independent

SGs used for the transmitter and receiver sides.
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Rx antenna Tx antenna

Target 1
Target 2

Target 3

Figure 2.9: Instruments of the experiment

SG1

Living-body Y [m]

X [m]

SP64T

DAQ

Down
Converter

LNA

Rx arrayTx array

SG2

Figure 2.10: System overview including targets
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2.4.2 Experimental environment

Table 3.1 shows the more detailed condition of the measurement and Fig. 2.11 shows the measurement

environment. The measurement was carried out in an indoor multipath-rich environment, and the size of

the room was 8 by 8 meters. Two different kinds of experiments, i.e. synchronized and unsynchronized

were tested. In each trail, the number of the targets were tested from one to six. Each of the target

were stood in 30 different random measurement points. By considering the accuracy of the experiment,

the distance between the two targets were set to be greater than or equal to 2 m. The fluctuating

components from 0.3 Hz to 5 Hz were extracted in order to eliminate the unwanted components and

only the fluctuation created by vital signs, i.e. heartbeat and respiration, were observed.

In this verse, the result of the single-target detection with three conditions as follows. The first

one is an ideal case, where the transmitter and receiver are fully synchronized. The second one is a

conventional case, where no phase correction is performed while the transmitter and receiver frequencies

are not synchronized. The third one used a proposed phase correction method, where the transmitter

and receiver frequencies are not synchronized.

Figure 2.12 shows the result of the temporal response of the channel with (a) synchronization (ideal

condition) and (b) conventional method (unsynchronized condition without any phase correction pro-

cess). In an ideal condition, we can see the vital sign component as a smooth fluctuation. The channel

information can be observed very clearly. However, when it turns to the conventional method, channel

of the human-body component is failed to detect and completely mixed with the other interruption.

Figure 2.13 shows the frequency spectrum with (a) synchronization (ideal situation) and (b) con-

ventional method (unsynchronized condition without any phase correction process). The frequency

response of the channel caused by human-body motion can be clearly observed in ideal condition.

However, because of the frequency offset causes the serious phase error in the conventional method, the

vital sign failed to be detected.

Figure 2.14 shows the examples of the single target localization result of the MUSIC spectrum in

(a) synchronized and (b) conventional condition. The pink circles represent the actual positions and

black crosses represent the estimated positions, the standing position of this single target was (4, 5)

m. As shown in this figure, the estimated location appears near the actual location of the target in

synchronized one. In conventional method, it failed to estimate because the phase error caused serious

degradation in detection performance.

As we mentioned in the chapter 2, by applying the frequency offset elimination technique, phase
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error can be eliminated theoretically. In this discussion, the experimental result of the unsynchronized

condition with phase error correction will be presented and compared with the ideal situation. Fig-

ure 2.15 shows temporal response of the channel with proposed method. We can see the vital sign

component with a smooth fluctuation after the phase error correction. Figure 2.16 shows the frequency

spectrum with proposed method. It is shown that the Doppler shift due to human-body motion can

be clearly observed by our proposed method.

Figure 2.17 shows the examples of the single target localization result of the MUSIC spectrum. As

shown in this result, the peak value of the spectrum appear near the actual location of the target. It

means that the proposed method works well as the synchronized one in this case.

Figure 2.18 shows the Cumulative-Distribution-Function (CDF) of distance error by comparing

three different ways to estimate single target position. The result shows that 50-percentile localiza-

tion error was 0.3 m, 4 m , 0.7 m for ideally synchronized case (synchronized), conventional method

(unsynchronized), proposed method (proposed). It indicates that in unsynchronized condition, the 50

percentile of distance error was decreased from 4.0 m to 0.7 m, which means our proposed method can

estimate the single target’s locations with high accuracy.

Although our proposed works well in single target localization, as we mentioned in chapter 2,

compared with single, multiple targets detection is more complicated. The performance of the multiple

targets localization with the proposed method is needed. In this experiment, the number of the targets

was tested from two to six. Each of the target was stood in 30 different random measurement points,

the distance between the two targets was set to be greater than or equal to 2 m. The results of the

multiple targets detection with ideal case, conventional method, and proposed method were shown and

discussed as below.

Figures 2.28 show the examples of the multiple target localization result of the MUSIC spectrum in

synchronized (left side) and conventional situation (right side). The number of the target was tested

from 2 to 6. The pink circles represent the actual positions and black crosses represent the estimated

positions, the standing position of two targets was (0, 5) m and (6, 5) m, positions of three targets was

(0, 3) m, (0, 7) m and (4, 7) m, positions of four targets was (0, 5) m, (2, 3)m , (4, 1) m and (6, 5) m,

positions of five targets was (0, 5) m, (4, 3) m, (4, 1) m, (4, 5) m and (6, 5) m, positions of six targets

was (0, 1) m, (2, 1) m, (2, 3) m, (4, 5) m, (6, 7) m and (6, 5) m. As shown in these figures, most

of the estimated locations appear near the actual locations of the targets in synchronized one. In the

conventional method, as well as the single target’s result, most of the positions failed to be estimated

because the phase error caused serious degradation in detection performance.
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Figure 2.11: Measurement environment
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Figure 2.12: Temporal response of the channel

22



Frequency [Hz]

|H
| [

dB
]

(a) Synchronization (ideal situation)

Frequency [Hz]

|H
| [

dB
]

(b) Unsynchronized (conventional method)

Figure 2.13: Frequency spectrum
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(a) Synchronization (ideal situation) (b) Unsynchronized (conventional method)

Figure 2.14: Example of the single target localization result
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Figure 2.15: Temporal response of the channel
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Figure 2.16: Frequency spectrum

Figure 2.17: Example of the single target localization result
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Figure 2.18: CDF of the localization error with single target

(a) Synchronization (ideal situation) (b) Unsynchronized (conventional
method)

Figure 2.19: MUSIC spectrum examples of the 2 targets localization result
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(a) Synchronization (ideal situation) (b) Unsynchronized (conventional
method)

Figure 2.20: MUSIC spectrum examples of the 3 targets localization result

(a) Synchronization (ideal situa-
tion)

(b) Unsynchronized (conventional
method)

Figure 2.21: MUSIC spectrum examples of the 4 targets localization result

(a) Synchronization (ideal situation) (b) Unsynchronized (conventional method)

Figure 2.22: MUSIC spectrum examples of the 5 targets localization result
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(a) Synchronization (ideal situation) (b) Unsynchronized (conventional method)

Figure 2.23: MUSIC spectrum examples of the 6 targets localization result
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By applying the frequency offset elimination technique, Figs. 2.28 show the examples of the multiple

targets localization result of the MUSIC spectrum in the unsynchronized situation (proposed method)

and compared with the synchronized (ideal condition). In order to better comparison, the standing

positions were same in both cases. As shown in these figures, in unsynchronized condition, when the

number of the targets were two and three, the peak values of the spectrum appear near the actual

locations of the targets and are successfully estimated. When the number of the targets were four,

five and six, one of them was frequently failed to be recognized in each trail due to the interaction of

this radar’s performance and the propagation environment, and yet proposed method can estimate the

locations of the rest of the targets accurately.

(a) Synchronization (ideal situation) (b) Unsynchronized (proposed
method)

Figure 2.24: Example of the 2 targets localization result
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(a) Synchronization (ideal situation) (b) Unsynchronized (proposed
method)

Figure 2.25: Example of the 3 targets localization result

(a) Synchronization (ideal situa-
tion)

(b) Unsynchronized (proposed
method)

Figure 2.26: Example of the 4 targets localization result
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(a) Synchronization (ideal situation) (b) Unsynchronized (proposed method)

Figure 2.27: Example of the 5 targets localization result

(a) Synchronization (ideal situation) (b) Unsynchronized (proposed method)

Figure 2.28: Example of the 6 targets localization result
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Figures 2.29 shows the CDF of distance error with various numbers of the targets. As shown in

this figure, the value of 50% of location errors were 0.80 m, 0.95 m, 1.12 m, 1.96 m and 1.02 m for 2∼6

targets in unsynchronized condition. The results indicated that proposed method accurately estimates

target location in an acceptable accuracy even when the number of the targets were up to six.
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4 targets

5 targets
6 targets

Figure 2.29: CDF of the conventional method, synchronized and proposed method with multiple targets
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Figures 2.30 shows the result of the unsynchronized localization errors at 50%, 75% and 90% corre-

sponding to number of the target from one to six. As shown in this figure, the localization error at 50%

was 0.70 m, 0.80 m, 0.95 m, 1.12 m, 1.96 m and 1.02 m at the number of the targets is varied from 1 to

6, and fluctuation was relatively flat. We can see that the 50% of localization error is increasing when

the number of the target is from one to five because of the limitation of the degree of freedom in the

MIMO array. But when it turns to 6-target, the distance error is going down again. One of the reasons

is that the distribution of the target’s position. When there are too many targets that exist randomly,

the peak value of MUSIC spectrum is accidentally shown up near to the actual position which causes

the line down. The value of 75% of localization errors was 1.12 m, 1.05 m, 3.15 m, 3.96 m, 4.04 m, and

4.12 m for 1∼6 targets. We can see that when the number of the target is increasing, from 3-target, the

value is significantly changed and tend to increase. These results also indicated that the tendency of

the localization error is different at a different percentage. Clearly, the result of this figure reveals that

our MIMO radar works well even the number of the targets are up to six in this indoor environment.
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Figure 2.30: Localization error versus the number of targets

To better demonstrate the effectiveness of our radar system, the following figures show the CDF of

the localization error by comparing three different ways to 2∼6 targets position.

Fig.2.31 shows the localization error with the 2 targets. The result shows that 50-percentile local-
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ization error was 0.50 m, 3.66 m, 0.80 m for conventional method (synchronized), conventional method

(unsynchronized), proposed method (unsynchronized). It indicates that in unsynchronized condition,

the 50 percentile of distance error was decreased from 3.66 m to 0.80 m,

Fig.2.32 shows the localization error with the 3 and 4 targets. The result (a) shows that 50-

percentile localization error in 3 targets was 0.61 m, 3.87 m , 0.95 m and (b) shows localization error in

4 targets was 0.87 m, 3.84m 1.12 m for the conventional method (synchronized), conventional method

(unsynchronized), proposed method (unsynchronized). It is seen that the proposed method can work

fairly as in the synchronized condition even with a small degradation in the localization accuracy.

Fig.2.33 shows the localization error with the 5 and 6 targets. The result (a) shows that 50-

percentile localization error in 5 targets was 1.95 m, 3.83 m , 1.96 m and (b) shows localization error in

6 targets was 0.92 m, 3.76 m 1.02 m for the conventional method (synchronized), conventional method

(unsynchronized), proposed method (unsynchronized). It is confirmed that the proposed method can

identify the location of the multiple targets (up to six) with an accuracy as high as the synchronized

one.
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Figure 2.31: CDFs of synchronized, unsynchronized and conventional localization error with 2 targets.
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(a) CDFs of synchronized, unsynchronized and conventional localization error with 3 targets.
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(b) CDFs of synchronized, unsynchronized and conventional localization error with 4 targets.

Figure 2.32: localization error with the 3 and 4 targets
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(a) CDFs of synchronized, unsynchronized and conventional localization error with 5 targets.
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(b) CDFs of synchronized, unsynchronized and conventional localization error with 6 targets.

Figure 2.33: localization error with the 5 and 6 targets
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Figure 2.34: Localization error versus the number of targets.

Fig.2.34 shows the 50%, 75%, and 90% localization errors for the proposed method and random

positions versus the number of targets. The random positions are added to this result where the targets

appear randomly and irregular at the same condition, which is the worst condition. As shown in this

figure, the localization errors of 50% for the proposed method were 0.55 m, 0.74 m, 0.87 m, 0.95 m,

1.98 m, and 0.96 m for the number of targets from 1 to 6; the fluctuation was relatively minor. We

can see that the 50% localization error increases when the number of targets increases from one to five

because of the limitation of the DOA/DOD resolutions. In the 6-target case, however, the distance

error is decreased. One of the reasons is the distribution of target positions. When too many targets are

randomly placed, the peak value of MUSIC spectrum accidentally shows up near the actual position,

which decreases the location error. The values of 75% localization errors for the proposed method

were 0.75 m, 1.01 m, 3.43 m, 3.78 m, 3.35 m, and 2.80 m for 1 to 6 targets. As the number of the

target increases, the value changes significantly and tends to increase from 3-targets. With random

positioning, the 50%, 75%, and 90% localization errors also tend to decrease as target number increases.

As we described above, when there are too many targets, the error appears to be bounded because

the incorrectly estimated positions eventually come close to the actual position due to the densely

distributed targets. By looking at the 90% results, the estimated results become close to random if we

have multiple targets, but this is the worst case. The 50% result shows that our radar can detect up

to 4 targets because the estimation error is less than half that shown by the random results. These

results also indicate that the localization error exhibits different characteristics at different percentages.
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Clearly, the result of this figure reveals that our MIMO radar can work fairly well even with up to 6

targets in this indoor environment.

2.5 Conclusion

In this chapter, we presented and experimentallyevaluatede a frequency error elimination technique

suitable for unsynchronized bistatic MIMO radar for human-body detection. First, a mathematical

expression of human body localization using bistatic MIMO radar is presented. Then the direct path

is used to eliminate the phase error created by the frequency difference between the transmitter and

receiver. A new Doppler-shifted component of the MIMO channel without phase error is derived,

and the locations of the multiple targets are calculated by the 2-dimensional MUSIC method. Next,

the results of simulations that examine frequency error versus power ratios are discussed to illustrate

the effectiveness of the proposed method. An experiment is carried out in an indoor multipath-rich

environment. To emulate the unsynchronized condition, the transmitter and receiver use independent

SGs. One to six targets are tested. The experiments demonstrate that our unsynchronized radar system

can identify the locations of multiple targets with high accuracy.
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Chapter 3

SIMO antenna array based indoor
localization technique of multiple
human-bodies using roundtrip
channels

In previous section, we proposed a frequency error elimination technique for unsynchronized bistatic

CW-MIMO radar for multiple human-body detections. However, this system requires the use of multiple

antennas at both the transmitting and receiving stations, which results in the need for costly additional

hardware at both ends. Therefore, in order to be more budget-friendly, in this section, we introduce

a SIMO antenna array based indoor localization technique of multiple human-bodies using roundtrip

channels.

3.1 Technical issues in COTS-based SIMO radar

In the design of SIMO radar systems, there is a prevalent utilization of commercially available COTS

components. These COTS components, while advantageous in terms of cost-effectiveness and facilitat-

ing a more streamlined development process, also introduce certain technical challenges that warrant

consideration. Firstly, it’s crucial to note that SIMO systems might be limited in their spatial reso-

lution capabilities when juxtaposed with their full-MIMO counterparts, thereby potentially affecting

their precision in estimating target positions. Secondly, despite the suitability of COTS components

for SIMO radar systems, the inherent limitations in the accuracy of the local oscillator can lead to

frequency errors in both the transmitter and receiver, consequently impacting the radar’s localization

abilities. This discrepancy might pose a notable hurdle in ensuring precise target localization. Thirdly,

and notably, the challenge intensifies in scenarios involving the localization of multiple targets, as the
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Figure 3.1: System framework.

amalgamated impact of the previously discussed limitations significantly compounds the complexities

in accurately pinpointing and tracking more than one target.

3.2 Method of frequency adjustment and target positioning
using roundtrip SIMO channel

Fig.3.1 shows the system framework of this study. We assumed that there are two stations (transmitter

and receiver stations); each has multiple antennas, where only a single antenna can transmit and receive,

and the other antennas can only receive. Forward N ×1 SIMO channel hF and backward M ×1 SIMO

channel hB were defined. First, we analyzed the frequency difference between forward and backward

transmissions. Subsequently, a phase adjustment and elimination technique was applied to the merged

channel. Living-body positioning relying only on SIMO channels was then performed.

3.2.1 Method of phase adjustment

The phase error owing to the limitation of the clock accuracy between the two stations strongly affects

the localization accuracy. This section discusses the frequency offset in the roundtrip channels and

proposes a phase-adjustment technique.

As shown Fig.3.1 (a) and (b), forward N ×1 SIMO channel hF and backward M ×1 SIMO channel

hB are defined as,

hF (t) = [hF11(t), . . . , hF1N (t)]
T
, (3.1)

hB(t) = [hB11(t), . . . , hBM1(t)]
T
, (3.2)

respectively, where {·}T represents the transposition, hij is the complex channel response from trans-

mitter j to receiver i, and t represents the time of the channel observation. Note that the forward and

backward transmission durations are nearly identical because of the slower rate of vital sign changes

compared with the switching of observations between the forward and backward channels. As a result,

the duration t for the forward and backward channels are similar. Here, hF11 and hB11 ideally have the
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same value because they share the same antenna element. However, their phases do not agree because

of the clock differences. Assume that the frequencies of a specific channel in the transmitter and re-

ceiver stations are f1 and f2, respectively. The transmitter and receiver have individual oscillators, and

their frequencies are inherently different (f1 ̸= f2) owing to the limitation of clock accuracy. Hence,

the frequency deviation between the two oscillators ∆f is defined as follows:

∆f = f1 − f2. (3.3)

The differential angular frequency can be introduced as

∆ω = 2π (f1 − f2) , (3.4)

Subsequently, the forward N × 1 SIMO channel hF with a phase difference is expressed as

hF (t) = [hF11(t), . . . , hF1N (t)]
T
exp(j∆ωt). (3.5)

The backward M × 1 SIMO channel hB with a phase difference is expressed as

hB(t) = [hB11(t), . . . , hBM1(t)]
T
exp(−j∆ωt). (3.6)

The first element of hF and hB are expressed as

hF11(t) = h11 exp(j∆ωt), (3.7)

hB11(t) = h11 exp(−j∆ωt), (3.8)

respectively. Here, hF and hB cannot be merged because hF11 and hB11 have different phase errors.

Because the observed phase rotations of the forward and backward channels are opposite, the phase

error AFB of forward channel hF can be adjusted as follows:

AFB =exp

(
j
1

2
̸
hB11

hF11

)
=exp

(
j
1

2
̸
h11 exp(−j∆ωt)

h11 exp(j∆ωt)

)
=exp

(
j
1

2
̸ exp(−2j∆ωt)

)
=exp(−j∆ωt).

(3.9)

Finally, phase error can be eliminated for both channels using the expression below:

h′
F (t) = hFAFB = [h′

F11, . . . , h
′
F1N ]

T
, (3.10)

h′
B(t) =

hB

AFB
= [h′

B11, . . . , h
′
BM1]

T
. (3.11)
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3.2.2 Target positioning using roundtrip SIMO channel

MIMO-based CW-radar for target detection, where DoD and DoA information are used, has been

widely studied because it is known to provide good accuracy. In contrast, a narrowband SIMO radar

only has the capability of DoA finding and is incapable of localizing the living body position owing

to insufficient spatial information. In this section, we introduce a living-body positioning method that

relies only on SIMO channels. This method combines roundtrip SIMO channels to estimate two DoDs

bidirectionally to jointly localize the target position.

After the phase adjustment, by simply combining the two SIMO channels, we obtain a merged

M +N − 1 SIMO channel as

h′(t) = [h′
B11, . . . , h

′
BM1, h

′
F12, · · ·h′

F1N ]
T
. (3.12)

Subsequently, to exclude certain unwanted paths and extract only the vital signs, this channel is

Fourier-transformed to yield

F (f) = [h′
B11(f), . . . , h

′
BM1(f), h

′
F12(f), · · ·h′

F1N (f)]
T
. (3.13)

Based on the frequency response at the receiver side, the correlation matrix can be expressed as follows:

RFF = F (f)F (f)H (fmin < f < fmax) , (3.14)

where fmin and fmax represent the frequency ranges that contain the influence of the vital signs, and

{·}H represents the Hermitian transposition. Subsequently, eigenvalue decomposition is applied to the

correlation matrix as follows:

RFF = UDUH , (3.15)

U = [u1, . . . ,uL, . . . ,uM+N−1] , (3.16)

D = diag [λ1, . . . , λL, . . . , λM+N−1] , (3.17)

where U is an eigenvector matrix, and D is a diagonal eigenvalue matrix, where λ1 ≥ . . . λL ≥ . . . ≥

λM+N−1. Finally, the living-body position is identified by finding the peak in the 2-dimensional MUSIC

spectrum, where the computed steering vectors are defined similarly to (3.12).
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Table 3.1: Simulation condition

Antenna element Horizontal patch antenna

Number of Tx 4

Number of Rx 4

Angle of the antenna 45

Element spacing d, [m] 0.5λ

Frequency used [GHz] 2.47125

Distance between Tx and Rx [m] 8

Measurement area [m2] 8 × 8

Sampling frequency [Hz] 250

Height of antenna, h [m] 1.0

Observation time [s] 30

Number of targets 1

Frequency error, (f1 − f2) = ∆f [Hz] 50

Number of measurement positions 64

Extracted frequency range [Hz] fmin = 0.1 (lowest), fmax = 5.0 (highest)

Actual position Estimated position
dB dB

(a) Without phase adjustment (b) With phase adjustment
[m] [m]

[m
]

[m
]

Figure 3.2: Example of the MUSIC spectrum for target localization (without and with phase correction).
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Figure 3.3: CDF of the localization error (without and with phase correction).

3.3 Simulation

3.3.1 Simulation condition

To verify the fundamental behavior of the proposed combined channel and whether it can be used for

positioning similar to MIMO radars, we introduced a simple simulation where only the path by way of
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the target and the direct path between the stations are considered. In contrast, realistic and complicated

electromagnetic behaviors, such as path loss, radar cross section of the target, and multipath, were

neglected.

Table 3.1 lists the simulation conditions used in this study. There are four transmitting and receiving

antennas on both sides, that is, N = M = 4. The distance between the transmitter and receiver was

8 m, and the measurement area was assumed to be 8 × 8 m2. The height of the antenna was set to

1.0 m, and the element spacing for both the transmitter and receiver was 0.5λ, where λ represents the

wavelength. Time-variant channels were observed for over 30 seconds for each observation, and the

snapshot frequency of the SIMO channels was 250 Hz. The SNR was set to 5 dB, where the noise was

Gaussian white. We assumed the presence of a single living body, and the direct path channel between

the transmitter and receiver was also considered; however, multipath components were not considered.

The data were collected from 64 trials with random target positions. The channel with 50 Hz frequency

errors was then calculated, and the spectral window to observe the vital sign ranges from 0.1 to 5 Hz.

3.3.2 Simulation results

Fig.3.2 shows an example of the MUSIC spectrum for target localization. The red circles and black

crosses represent the actual and estimated positions, respectively. Fig.2 (a) shows the spectrum without

phase-error correction. It failed to estimate the target because the phase error caused severe degradation

in detection performance. By applying the proposed method, the peak value of the spectrum successfully

appears at the target’s actual location, as shown in Fig. 2 (b). Fig.3.3 shows the cumulative distribution

function (CDF) of the localization error. The results showed that the 90-percentile errors with and

without phase correction were 0.30 m and 4.42 m, respectively, which indicates that the proposed

method can localize a single target position with significantly high accuracy.

3.4 Measurement

To further verify whether the proposed roundtrip SIMO channel could estimate the targets’ position

in realistic environments, an experiment was carried out in an actual multipath indoor room to verify

the effect of realistic and complicated electromagnetic behaviors.

3.4.1 Measurement conditions

Fig.2.5 and Table 4.1 show the experimental condition and system overview of this work. 4 × 4 MIMO

bidirectional channels were measured, and only M +N − 1 = 7 paths were retrieved from the forward
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Table 3.2: Experimental condition

Antenna element Square microstrip antenna arrays

Polarization Vertical

Number of Tx 4

Number of Rx 4

Distance between Tx and Rx [m] 4

Element spacing, d [mm] 56 (0.5λ)

Angle of the antennas 45

Frequency used [GHz] 2.47125

Measurement area [m2] 4 × 4

Sampling frequency [Hz] 100

Antenna height, h [m] 1

Observation time [s] 60

Number of targets 1 ∼ 2

Distance between targets [m] 1.4

Number of measurement points 16

Extracted frequency range [Hz] fmin = 0.02 (lowest), fmax = 7.0 (highest)

Frequency error, (f1 − f2) = ∆f [Hz] 0, 0.3, 10

SG1

Living-body
Y [m]

X [m]

SP64T

DC

ST # 1ST # 2

SG2

SP64T

DC

DAQ

Figure 3.4: System overview.

d = 56.0 mm

W = 255 mm

H = 62.0 mm

Figure 3.5: Dimensions of the used antenna array.

(from station #1 to #2) and backward (from station #2 to #1) channels to test the proposed method.

The distance between stations #1 and #2 was 4 m, and the transmitter and receiver were oriented at 45

degrees to the monitoring area. The antenna height was set to 1.0 m. The time-variant channels were
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Figure 3.6: Measurement setup.

Targets

ST2

ST1

Figure 3.7: Measurement environment.

measured over 60 seconds for each observation, and the snapshot frequency of the SIMO channels was

set to 100 Hz. To test various frequency differences, two signal generators (SGs) were independently

used to provide CW signals to both the transmitter and receiver sides. The frequency was manually

changed, and the frequency difference between the two stations in this trial was set to f1 − f2 = ∆f=

0, 0.3, and 10 Hz.

3.4.2 Experimental environment

Fig.3.5 shows the dimensions of the used antenna array. The dimensions of the 4-element square

microstrip antenna arrays with PTFE substrate are as follows: length H = 62.0 mm, width W = 255

mm, and element spacing d = 56.0 mm, and the thickness of the PTFE substrate is 1.6 mm,

Fig.2.4 and 2.6 show the measurement environment. The measurements were performed in an indoor

environment containing walls, desks, etc. The measurement area was 4 × 4 m2, and the SGs provided
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Figure 3.8: Temporal response of the SIMO channel with and without phase adjustment.

continuous CW signals near 2.47125 GHz on both the transmitter and receiver sides. The receiver

requires an RF CW signal to down-convert the received signals into baseband signals. A single-pole

4-throw (SP4T) switch is connected to four two-port dividers. The received signals were input to a

down-converter (DC) unit using a low-noise amplifier (LNA). The down-converter baseband signals

(I1,Q1,∼ I8,Q8) were then digitized and recorded by the data acquisition unit (DAQ). Multiple targets

(up to two) were placed at 16 different measurement points. The distance between the two targets

was set to be greater than or equal to 1.4 m because the radar could not distinguish excessively close

targets. Finally, the Doppler-shifted components from 0.02 to 7.0 Hz in the baseband signals were

obtained to remove the undesirable components. Therefore, only the fluctuating components produced

by vital sign movements were observed. All the experimental procedures were approved by the Ethics

Committee of Iwate University, Japan (admission number: #202019).

3.4.3 Experimental results

Fig.?? shows the temporal response of hF11 with and without phase adjustment. When a frequency

difference exists between two oscillators, the response without the phase adjustment technique incurs a

rapid phase rotation. This phase rotation severely degrades the localization performance. By applying

the proposed method, the phase rotation was fixed, and the fluctuation of the observed signal became

relatively smooth.

Fig.3.9 shows an example of the MUSIC spectrum for both MIMO and the proposed SIMO channel
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(b) SIMO (∆f = 0 Hz)

Figure 3.9: Example of the MUSIC spectrum for MIMO and proposed SIMO (∆f = 0 Hz) single target
localization results.

dB

(a) SIMO (∆f = 0.3 Hz)

dB

(b) SIMO (∆f = 10 Hz)

Figure 3.10: Example of MUSIC spectrum single target localization results with various frequency
errors (MIMO vs. SIMO, ∆f = 0, 0.3, 10 Hz).

(without phase error) target localization. As shown in Fig.3.9 (a) and (b), the target stood at position

(2, 2) m; both of the peak values of the spectrum appear near the actual location of the target. This

implies that the proposed merged SIMO channel (∆f = 0 Hz) and the MIMO channel can localize the

target.

Fig.3.10 shows examples of MUSIC spectra by the proposed method with various frequency errors.

When the frequency error ∆f between two individual oscillators is small and close to the vital sign

frequency, that is, ∆f = 0.3 Hz, the signal processing at the receiver side may also easily eliminate

the desired Doppler shift due to the targets, which degrades target localization. To test and verify

this situation, when the frequency difference ∆f is close to vital sign frequency, the proposed method

can successfully estimate the target position by retaining the vital sign, as shown in Fig.3.10 (a). In

addition, we tested and verified a situation where there is a larger frequency error(∆f = 10 Hz) to

consider a low-cost system with poor clock accuracy in the transmitter and receiver. As shown in

Fig.3.10 (b), when larger frequency errors exist, the proposed method could still estimate the target

location successfully. This result indicates that the proposed method can successfully localize the target

position even when two stations have various frequency differences.
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Figure 3.11: CDF of single target’s localization error with various frequency differences.
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Figure 3.12: Example of MUSIC spectrum for 2-targets’ localization with various frequency errors
(MIMO vs. SIMO, ∆f = 0, 0.3, 10 Hz.)

Fig.3.11 shows the CDF of the localization error with various frequency differences and MIMO

channel estimation. As shown in the figure, when the frequency errors were ∆f = 0.3 and 10 Hz,

50% of location errors were 0.35 m and 0.36 m, respectively. Moreover, when the frequency difference

was ∆f = 0 Hz, 50% of the location errors were 0.26 m, and the proposed method can successfully

estimate target localization as well as MIMO (50% of location errors were 0.30 m). Even when various

frequency errors exist, the proposed method can localize the single target position with high accuracy

by adjusting the phase between forward and backward SIMO channels.
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Figure 3.13: CDF of 2-targets’ localization error with various frequency differences.

The feature of the proposed method is its capability to estimate the position of both single and

multiple targets because the roundtrip channel contains more information than a one-way SIMO chan-

nel. To verify this assumption, we also performed multiple target (up to two) detections in the same

environment. Fig.3.12 shows an example of MUSIC spectrum for 2-targets’ localization of MIMO and

proposed SIMO with various frequency errors. In this example, the two targets were at positions (3,1)

m and (3,3) m. As shown in Fig.3.12 (a), the MIMO channel can localize the targets’ position without

any issue because it has more channel information. Similarly, in the bidirectional SIMO channel shown

in Fig.3.12 (b), (c), and (d), the peak values of both spectra appear near the targets’ exact locations

in each different scenario.

Fig.3.13 shows the CDF of the localization error with various frequency differences compared with

full MIMO radar. The results of the 50% localization errors with various frequency differences for

the proposed bidirectional SIMO and MIMO channel localizations were within 0.50 m. These results

confirm that the proposed method can identify the locations of multiple targets (up to two) as accurately

as the MIMO configuration.

3.5 Conclusion

This chapter proposed multiple human-body localization using roundtrip SIMO channels. The phase-

adjustment method between the two stations has been discussed, and a target estimation method using

the merged SIMO channel has been introduced. A simulation demonstrated that the proposed approach

could accurately localize a single target position. An experiment with multiple indoor targets (up to

two) was conducted to assess both the full-MIMO and the proposed SIMO conditions. By analyzing
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the results, we found that 50% of the localization errors of both methods were all within 0.50 m.

They demonstrated that even when two stations have different frequency offsets, the proposed SIMO

approach can localize multiple target positions with excellent accuracy, similar to the MIMO radar,

which can be easily implemented using COTS devices.
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Chapter 4

ToF-based Positioning Technique
and Its Evaluation Using Real
Wi-Fi Stations

In this chapter, we introduce a living-body positioning technique that integrates Time-of-flight (ToF)

and DoD utilizing real Wi-Fi stations. To realize a low-cost radar system that is well-suited for IoT-

based applications, we assume that our Wi-Fi station has multiple transmit antennas and only a single

receive antenna available. Then, the observed MISO channel is applied with a phase error correction

method. Following this procedure, we discuss the position estimation method, which combines ToF and

DoD. An experiment using real Wi-Fi stations is carried out, and finally, we analyze the measurement

results of the localization.

4.1 Theoretical model of localization using ToF and DoD

4.1.1 phase correction method for bistatic MISO channel

As discussed in Chapter One, leveraging COTS devices can help reduce expenses in radar systems.

To achieve a low-cost system suitable for IoT-based radar, Chapter 3 assumed the presence of two

stations (transmitter and receiver stations), each equipped with multiple antennas. However, only a

single antenna could transmit and receive, while the other antennas could only receive.

In this chapter, we continue to utilize two widely separated stations (transceivers). However, we

assume that our station has multiple transmit antennas and only a single receive antenna available,

resulting in the utilization of a Multiple Input Single Output (MISO) channel for localization. However,

because the transceivers are widely separated and are COTS devices, inaccuracies in the local oscillator

can cause frequency errors in both the transmitter and receiver, thereby affecting the radar’s localization
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capabilities. Hence, we apply a phase elimination technique suitable for the MISO channel as described

below.

The observed MISO channel with the time-varying phase rotation ∆f is defined as

h(t) = [h1(t), · · · , hMT
(t)] exp(j∆f(t)). (4.1)

where {·}T represents the transposition, MT is the number of the transmitter, and t represents the

time of the channel observation. This also can be rewritten as

h(t) = (hfix + hvital(t)) exp(j∆f(t)) + hnoise(t)

= hfix exp(j∆f(t)) + hvital(t) exp(j∆f(t)) + hnoise(t). (4.2)

Here,hfix and hvital represent fixed channel and reflected micro-Doppler channel due to the human

body’s displacement, respectively. hnoiseis the noise component due to the thermal noise. Note that

hfixmainly consists of the direct path because we assume that the transmitter and the receiver are in

a line-of-sight (LOS).

Next, the observed MISO channel with the phase error is applied to the phase error elimination

method as

hcal(t) = h(t)⊗ expj
̸ (hfix⊘h(t)) (4.3)

where ⊗ represents the Hadamard product, and ⊘ represents the Hadamard division. By using this

method, a new MISO channel without the phase error hcal(t) is calculated.

However, due to the limitations of the antenna, this MISO channel can only observe the direction

of departure; therefore, it is not suitable for estimating the position of the human body.

4.1.2 Position estimation method of combing ToF and DoD

As we discussed above, only the DoD information is not enough to estimate the target’s position,

therefore, we apply the localization method by combining DoD and ToF. In this study, we utilize

Orthogonal Frequency Division Multiplexing (OFDM) signals, a widely employed modulation technique

in modern communication systems, particularly in wireless communication standards such as Wi-Fi.

Additionally, we can acquire propagation path information for each frequency subcarrier. As shown

in Fig.4.1, incoming waves reach the array antenna with propagation path length SToF and departure

angle θDoD. Consequently, we can estimate distance information based on ToF from the propagation

path data in the frequency domain, enabling localization by combining it with DoD information. The

mathematical expression for this method is discussed below.
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Figure 4.1: Concept of the MISO channel localization.

H(t) =

h11(t) · · · h1M(T )(t)
...

...
. . .

...
hK1(t) · · · hKMT

(t)

 (4.4)

here, K represents the total number of frequency subcarriers, while MT denotes the number of

transmitting antenna elements. This channel matrix represents propagation path information in the

spatial × frequency domain. Note that each column of this channel matrix is subjected to the phase

error elimination technique discussed above.

Next, this channel matrix is vectorized, and in order to exclude unwanted paths such as the direct

path, and extract only the vital signs, it is Fourier transformed as

hf(f) = vec(F [H(t)]) (4.5)

Then the correlation matrix is calculated as

Rf = E[hf(f)
H
hf(f)] (4.6)

Finally, we use the Capacitive and Advanced Processing of Neurons (CAPON) method to search

the peak value of the spectrum. Since the observed channel consists of propagation distance SToF and

departure angle θDoD, it is necessary to calculate a mode vector orthogonal with Capon. Here, the
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Figure 4.2: System overview

mode vector A(S,θ) define as

a(S, θ) =

 a11(S, θ) · · · a1M(T )(S, θ)
...

...
. . .

...
aK1(S, θ) · · · aKMT

(S, θ)

 (4.7)

Then, the Capon spectrum is calculated as

PCapon =
1

aHR−1
f a

. (4.8)

By identifying peaks present in this spectrum, we estimate the departure angle θDoD and the

propagation distances SToF of the signals passing through the target. Finally, assuming that the

positions of the transmitting and receiving antennas are known, we can geometrically determine the

position of the target based on the departure angle and propagation distance information.

4.2 measurement evaluation

In this chapter, we discuss the experiment condition and analyze the measurement results by using real

Wi-Fi-based radar.

4.2.1 Measurement conditions and environment

Table 4.1 and Fig.4.2 illustrate the system overview and measurement conditions, while Fig.4.3 depict

the measurement environment. For this experiment, two Wi-Fi Access Points (APs) compatible with

IEEE 802.11 ax served as the transmitter and receiver. The transmitter side employed 4 antenna
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TxRx

Figure 4.3: Measurement environment

Table 4.1: Experimental condition

Number of Tx 4

Number of Rx 1

Distance between Tx and Rx [m] 4

Angle of the antennas 45

Frequency used [GHz] 2.412

Measurement area [m2] 4 × 4

Sampling frequency [Hz] 10

Antenna height, h [m] 1

Observation time [s] 25.6

Number of targets 1

Number of subcarrier 53

Number of measurement points 15 × 4

Extracted frequency range [Hz] fmin = 0.1 (lowest), fmax = 4.0 (highest)

elements, whereas only 1 antenna element was used on the receiver side. The distance between the

transmitter (Tx) and receiver (Rx) was 4 meters, with both oriented at 45 degrees to the monitoring

area, and the antenna height was set to 1.0 meter. Time-variant channels were measured over 25.6

seconds for each observation, with a snapshot frequency of 10 Hz for the Multiple Input Single Output

(MISO) channels. The frequency band used was 20 MHz, with a total of 53 subcarriers, and the Wi-Fi

signals near 2.412 GHz were utilized. Measurements were conducted indoors, encompassing walls, desks,

etc., within a 4 × 4 square meter area. There were 15 measurement locations, and 4 participants were

involved. Only one participant entered the environment, and measurements were repeated 60 times

in total. To extract Doppler shifts resulting from human body surface displacement, the participant

performed stand-stepping. The extracted frequency was 0.1 Hz for the lowest and 4 Hz for the highest.
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Figure 4.4: Temporal response of the MISO raw channel VS phase error elimination method channel
(target position(2,3))

Figure 4.5: An example of Capon spectrum of the ToF estimation (target position(2,3))

Figure 4.6: ToF estimation for all targets.

4.2.2 Measurement results

Figure 4.4 depicts the temporal response of the MISO raw channel compared to the phase error elim-

ination method channel (target position(2,3)). As shown in this figure, in the first row, the measured
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Figure 4.7: CDF of the ToF estimation.

(a) DoD and ToF estimation (b) localization

Figure 4.8: Example of DoD and ToF estimation and localization.

raw channel’s phase information changes rapidly and is very noisy. Despite applying the FFT to extract

vital signs, observing the Doppler component from this channel is extremely difficult. However, after

applying the phase error elimination technique, in the second row, the phase rotation becomes very

smooth, and following the FFT, the vital signs can be successfully observed.

Figure 4.5 displays the Capon spectrum of the ToF estimation results (target position(2,3)). As

shown in this figure, the actual distance for ToF is 7.14 meters, while the peak value of the estimated

distance for ToF appears at 6.48 meters. This indicates that the ToF is accurately estimated in this

result.

Figure 4.6 illustrates the results of the ToF estimation for all targets. As depicted in this figure,

the estimated distances mostly align closely with the real distances, indicating the success of the ToF

estimation.

Figure 4.7 shows the Cumulative Distribution Function (CDF) of the ToF estimation. By looking
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(a) DoD and ToF estimation (b) Localization

Figure 4.9: Example of DoD and ToF estimation and localization.
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Figure 4.10: CDF of the localization error.

at the 50% of the distance error, the distance error is 1.02 m.

Figure 4.8(a) displays the Capon spectrum for both DoD and ToF estimation, while 4.8(b) showcases

the localization result. The target position is (1,1). The pink circle represents the actual position, and

the red rectangle represents the estimated position. As shown in this figure, the actual DoD is 42.5

degrees, and the actual ToF is 4.55 meters. The estimated DoD is 46.5 degrees, and the estimated ToF

is 4.80 meters. The estimated location for the target is (1.4, 0.9) meters.

Figure 4.9(a) demonstrates another example of the Capon spectrum for both DoD and ToF esti-

mation, while Figure 4.9(b) presents the localization result. The target position is (3,4). As depicted

in this figure, the actual DoD is 52.4 degrees, and the actual ToF is 9.1 meters. The estimated DoD is

44.5 degrees, and the estimated ToF is 9.80 meters. The estimated location for the target is (3.8, 2.9)

meters.
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Figure 4.10 illustrates the CDF of the localization error results. As depicted in this figure, the 50%

of the distance error is 1.57 meters. This outcome suggests that the combination of DoD and ToF

positioning methods is effective, and Wi-Fi-based radar can successfully estimate the target’s location

with reasonable accuracy.

4.3 Conclusion

In this chapter,we investigates a living-body positioning technique that integrates ToF and DoD utilizing

real Wi-Fi stations.To realize a low-cost radar system that is well-suited for IoT-based applications,

we assume that our Wi-Fi station has multiple transmit antennas and only a single receive antenna

available. In this experiment, Wi-Fi signals are used,and ranging is performed by calculating ToF from

the frequency characteristics of the Channel State Information (CSI) retrieved from the subcarrier

channels.Then, the direction of departure information is calculated. Next, the MISO channel phase

error due to the clock difference between the transmitter and receiver is removed using the frequency

calibration technique. Finally, the channel is Fourier-transformed, and the locations of living bodies

are estimated. The experimental results confirm that our Wi-Fi-based radar could successfully localize

the target’s position.
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Chapter 5

Summary

Recently, the COVID-19 pandemic has had a widespread impact, highlighting the issue of staying

indoors demand. Furthermore, with the increasing number of elderly individuals living alone, there has

been a corresponding rise in the incidence of accidental falls in elderly households, and the concerning

problem of isolated deaths among the need for direct contact with the human body handicaps the

latter global scale. As a result, there is a growing need for systems that can efficiently monitor the

safety of the elderly. In addressing this demand, the use of wireless biomedical sensors such as bistatic

MIMO and SIMO radar for safety monitoring has garnered significant attention. Unlike traditional

safety monitoring systems such as video cameras and wearable devices, this approach does not violate

privacy, and body contact is unnecessary. Furthermore, it can localize the human body’s position. To

reduce the cost of the radar system and suit the bistatic bio-radar, it is desirable to use commercially

available imperfect RF devices. However, in such a COTS-based bistatic system, the transmitter and

receiver are physically separated when utilizing two stations as transceivers because of the limitations

of clock accuracy in their individual oscillators, where the frequencies of each station are inherently

different. The phase error between the two stations strongly affects the localization accuracy. Therefore,

research on the localization of the human bodies using array-based bio-radar with imperfect RF devices

is needed.

In chapter one, the technical background of modern detection systems is introduced, and the existing

problems with these systems are discussed. Then the effectiveness of the bistatic MIMO radar in safety

confirmation applications is mentioned. Also, the realization of localization using bistatic SIMO radar

is discussed. To reduce the cost problems, the problems in bistatic MIMO and SIMO radar using

imperfect RF devices for localization are listed. Among the raised problems, the target of this study was

frequency offset elimination between the transmitter and receiver and multitarget detection concerning

the importance of realizing this system.
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In chapter two, we present and experimentally evaluate a frequency error elimination technique

suitable for unsynchronized bistatic MIMO radar for human-body detection. First, a mathematical

expression of human body localization using bistatic MIMO radar is presented. Then the direct path

is used to eliminate the phase error created by the frequency difference between the transmitter and

receiver. A new Doppler-shifted component of the MIMO channel without phase error is derived,

and the locations of the multiple targets are calculated by the 2-dimensional MUSIC method. Next,

the results of simulations that examine frequency error versus power ratios are discussed to illustrate

the effectiveness of the proposed method. An experiment is carried out in an indoor multipath-rich

environment. To emulate the unsynchronized condition, the transmitter and receiver use independent

SGs. One to six targets are tested. The experiments demonstrate that our unsynchronized radar system

can identify the locations of multiple targets with high accuracy.

In chapter three, we introduce an accurate human-body localization using a roundtrip SIMO channel

for biomedical health monitoring applications. Two commercial off-the-shelf stations are assumed to be

used to realize a low-cost radar system, where each station has only a single transmitting RF-frontend

among the multiple antennas. The proposed technique consists of two important ideas. First, roundtrip

channels between two stations are merged to perform a simultaneous positioning of the multiple tar-

gets, where multiple DoA information at both stations are jointly used. Second, a frequency error

elimination technique for the roundtrip channel between two stations is proposed. The performance of

the proposed SIMO radar system for human-body localization is thoroughly evaluated through both

numerical simulations and experimental analysis. The simulation results confirmed that the single tar-

get ’s localization error for the proposed method was 0.30 m. In the experiment, two targets were

simultaneously localized in an indoor multipath-rich environment with various frequency errors. The

localization results verified that our proposed method could localize the targets ’position within 0.50

m error, even when two stations have various frequency errors. In chapter four, we experimentally eval-

uate the human-body positioning through the MISO channel, utilizing real Wi-Fi devices. Localization

is achieved by combining ToF and DoA.
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