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ABSTRACT

Contactless wireless sensing without attaching a device to the tar-
get has achieved promising progress in recent years. However, one
severe limitation is the small sensing range. This paper presents
WIDESEE to realize wide-area sensing with only one transceiver
pair. WIDESEE utilizes the LoRa signal to achieve a larger range of
sensing and further incorporates drone’s mobility to broaden the sens-
ing area. WIDESEE presents solutions across software and hardware
to overcome two aspects of challenges for wide-range contactless
sensing: (i) the interference brought by the device mobility and
LoRa’s high sensitivity; and (ii) the ambiguous target information
such as location when employing just a single pair of transceivers.
We have developed a working prototype of WIDESEE for human tar-
get detection and localization that are especially useful in emergency
scenarios such as rescue search, and evaluated WIDESEE with both
controlled experiments and the field study in a high-rise building.
Extensive experiments demonstrate the great potential of WIDESEE
for wide-area contactless sensing with a single LoRa transceiver pair
hosted on a drone.

CCS CONCEPTS

* Human-centered computing — Ubiquitous and mobile com-
puting; * Hardware — Communication hardware, interfaces and
storage.
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1 INTRODUCTION

Besides traditional data communication functions, in recent years,
wireless signals have been employed for sensing and have enabled
diverse new applications including indoor navigation [22, 51, 54],
health monitoring [9, 39], and human-computer interactions [14].
Wireless sensing relies on analyzing the characteristics of the signal
reflected from the target to understand the contextual information of
one’s interest (e.g., localization). A wide range of wireless signals
have been exploited for contactless sensing (i.e., without attaching
any device to the target objects), including ultrasound and various
types of radio frequency (RF) signals (e.g., WiFi and RFID). The RF
signals attract particular attention in real-world sensing applications
since they do not require to secure a Line-of-Sight (LoS) between
the device and targets as opposed to conventional camera-based
systems [37], and have stronger penetration capability compared to
acoustic signals [43, 50].

Although promising, one evident issue with existing RF-based
sensing is its limited sensing range, which hinders its applications
in wide-area sensing such as disaster rescue. This is mainly because
the signals reflected from the target, which contain information
related to the context of the target, are much weaker than the direct-
path signals between the transmitter and receiver. The fact that
wireless sensing captures information from the reflected signals
makes the sensing range much smaller compared to when the signals
are used for communication purposes. For example, the current
WiFi-based systems are only capable of performing sensing in a
room-level range (i.e. approximately 3-6 m) [26, 51], whereas RFID
or mmWave-based systems show an even smaller sensing range of
1-3m [27, 47, 55].

Recently, efforts have been made to extend the contact sensing
range of RF signals [11, 24, 56, 57]. Ashutosh et al. introduced an
approach to employ multi-hop nodes to track the sensor attached tar-
gets that are located deep inside a building structure [11]. In another
example, Ma et al. leveraged drones to relay sensing information,
which extends the sensing range from 5 m to 50 m [57]. Employing
multiple devices or multi-hop transmission schemes can increase
the sensing coverage range. However, these approaches require a
complicated process of sensing infrastructure deployment and could
be vulnerable to changes or failure of even a single device, which
make them unsuitable for emergency rescue applications.

In this paper, we present WIDESEE— a contactless wireless sens-
ing system based on the emerging LoRa technology with only a
single transceiver pair. WIDESEE is designed to push the bound-
ary of wide-area sensing. Our key insight is that the low-power,
long-range wireless communication capability of LoRa offers a long
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propagation distance (i.e., several kilometers) and a strong penetra-
tion capability through obstacles, which in turn can be employed to
significantly increase the sensing range compared to other wireless
technologies. In this work, as a proof-of-concept, we explore the
opportunities and limitations of the LoRa technology for non-contact
human detection and localization in wide-area scenarios. To further
increase the sensing area coverage, we leverage the mobility of a
drone to carry the transceiver and move around the target area to
perform wireless sensing. As we demonstrate later in this paper, we
successfully realize building-scale, through-wall sensing to detect
and localize human targets. We believe the proposed study is partic-
ularly useful for human target sensing (detection and localization)
for applications in urban search and rescue missions.

Translating our high-level idea into a functional system, however,
is nontrivial due to a number of challenges. First, the larger sensing
range of LoRa also means the interference range is also larger due
to the higher signal receiving sensitivity. Second, a transceiver pair
equipped with a single antenna does not provide us sufficient infor-
mation regarding the target location since the number of unknown
variables is greater than that of the constrained equations for local-
ization. Third, although employing a drone can increase the sensing
coverage, the vibration introduced by the drone during its operation
(i.e., flying) affects the resultant signals and accordingly the target
sensing performance.

To address the aforementioned challenges in wide-range sensing,
we introduce solutions across the software and hardware stacks. To
tackle the interference brought by LoRa’s high sensitivity, we re-
design the antenna system and the sensing algorithm. Specifically,
we employ a compact, reconfigurable directional antenna at the re-
ceiver to narrow down the target sensing region. Our system can
quickly (i.e., within 10 ms) switch the radiation pattern with a narrow
beamwidth of 48°. Such a design allows WIDESEE to stay focus
on the area of interests and reduce the impact of interference. To
further eliminate the multipath effect within the sensing area, we
take a unique approach to first extract the direction-related infor-
mation from available time-series of amplitudes and then use the
information to isolate the target path from the interfering multipath.
As a departure from the commonly used angle-of-arrival (AoA) or
time-of-flight (ToF)-based methods, our design avoids the pitfall of
relying on accurate channel phase information and large bandwidth,
which are unfortunately not available on LoRa.

To reduce the ambiguities in localization, we build analytic mod-
els that can predict and determine target locations. This is based
on our key observations that the speed of the moving target (e.g.,
humans) is relatively constant and the resulting trajectory is smooth
within a short period of time (e.g., < 1 s). We model the signal char-
acteristics of the (vibration) noise and human target movements in
frequency domain and filter out the vibration artifacts on the received
signals to improve the sensing accuracy.

We integrate the proposed techniques to implement a working
prototype and deploy it to detect and localize human targets in three
different real-world environments: an open square, an underground
parking garage, and a high-rise building structure with a size of
20 X 42 x 85 m3. Our experimental results show that WIDESEE
can effectively detect and localize human targets using just one
transceiver pair. For 90% of the test cases, the localization error
of WIDESEE is within 4.6 m. Such accuracy would allow one to
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WIDESEE

Figure 1: Motivation example of WIDESEE: a building-scale hu-
man target sensing scenario.

identify at which room the human target locates in many typical
building structures. This is a promising result considering we use
only a single transceiver pair, and the target moves most of the time
in a large environment. We hope this study can encourage further
research in exploiting wide-area wireless sensing in detecting and
tracking human targets to enable applications like disaster rescue
search and security surveillance [48]. The main contributions of this
paper can be summarized as followings:

e We present a contactless system for sensing human targets in
a wide area using just one transceiver pair, by combining the
agility of drone with the long-range propagation characteristic
of LoRa.

e We introduce new algorithms and design methodologies across
the software and hardware stacks to effectively tackle a series
of interference issues when applying LoRa and a flying drone
for wide-range sensing, and to address the sensing ambigu-
ity issue when only one single transceiver pair is employed.
The proposed techniques are generally applicable, and can be
applied to other wireless sensing tasks.

e We demonstrate, for the first time, building-scale, through-
wall contactless wireless sensing can be achieved with just
one LoRa transceiver pair together with a drone.

2 BACKGROUND AND OVERVIEW
2.1 LoRa Technology

LoRa offers a long communication range for up to several kilome-
ters [45] with the ability to decode signals as weak as —148 dBm.
While the ability of decoding weak signals is beneficial for long
range communications, it makes LoRa more likely to suffer inter-
ference from uninterested area in sensing. Even using a directional
antenna at the receiver, there still exist strong multipath effects [30]
within the detectable area that greatly affect the sensing accuracy.
Much effort has been made to similar problems associated with mul-
tipath effects in other RF signals (e.g., WiFi [49] or RFID [58]) or
acoustic signals [43], which are based on AoA or ToF information
of the received signals. However, such information requires accu-
rate channel phase readings and clock synchronization between the
transmitter and receiver, both of which are unavailable on LoRa.

In this work, instead of making efforts on obtaining AoA or ToF
to tackle the multipath effects, we consider a approach to leverage
the received (albeit susceptible) signal strength (i.e., amplitude) for
effectively addressing the inherent issue of multipath effects. This is
described in Section 3.3.
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Figure 3: The fabricated antenna system on the receiver side.

direction and radiation pattern quickly. Our design is detailed
at Section 3.1.

Figure 2: Overview of WIDE SEE. We use a drone to carry the A data collection and antenna control systemhich includes
LoRa transceiver pair and its control system. The data are sent a LoRa transceiver pair, a data collection subsystem, and a
back to the remote data processing platform to perform real- drone. The drone carries the LoRa transceiver pair and the
time target detection and localization. data collection subsystems to y around the target region. The

collected LoRa signal data are sent back to a laptop (through
a LTE network) to be processed on the ground. The antenna
control system employs an Arduino board carried by the

2.2 Motivation and Problem Scope o .
drone to con gure the antenna radiation pattern accordingly.

As depicted in the conceptual illustration in FigureVi|DESEE The details are described in Section 3.2.

could be used to target emergency scenarios, such as disaster res- 5 target detection and localization systewhich runs on

cue and terrorist search in (high-rise) building structures. In these a data processing platform, i.e., a laptop in our case. The
scenarios, identi cation of the presence of human targets and their system analyzes the collected data to detect and localize the
locations is of high importance, but doing so is challenging because human target. This is discussed in detail in Section 3.3.

(a) the localization sensing infrastructure (e.g., surveillance cameras)
may not be readily available or has been destroyed, and (b) visual3 SYSTEM DESIGN OF WIDESEE
inspection of human targets is restricted if not impossMeDE SEE
is designed to offer decision supports in such dif cult settings.
In our application of human sensing, we aim to achieve the fol-

WIDESEE leverages LoRa's long communication range and high
penetration capability for sensing targets that are within a wide area
lowing two goals. The rstis to detect the existence of human targets. or deep inside bU|.Id|ng. structures. As discussed |n. Section 2.1,.th|s
: ; . , o . advantage also brings in more interference from uninterested objects
The second is to identify the target's location if a presence is de- . : T .
due to the larger sensing range. Overcoming this limitation requires

tected. We do not consider a multiple-device or multi-hop transmis- . . . . .
. . novel design methodologies, analysis and processing algorithms.
sion scheme, because such a strategy requires a careful and complex

setup process, which is oﬂep |nfee_13|ble in emergency sﬂuaﬂon_s. As3_1 Recon gurable Antenna System
a proof-of-conceptyIDESEE is designed to be capable of detecting ) ) )
the presence of multiple human targets located in different rooms in T0 reduce the interference, we look for innovations at the antenna
the same building, but only localizing one target at a time. We leave Side. Our rst intuition is to employ a directional antenna at the

the simultaneous localization of multiple targets as our future work. réceiver to narrow down the sensing region. However, commonly
used horn directional antennas such as RFMAKHave a xed

2.3 Overview of WIDE SEE radiation pattern and mechanically rotating the antenna orientation

. ) . to focus on a region is too slow. Furthermore, the beamwidth offered
W'_DESEE IS a_Wlde-range contagtless human target sgnsmg_systemby a horn antenna is usually not narrow enousjhAn alternative is
built upon gsmgle LoRgtrangcewer pair. The transceiver pair (both to use a phased-array antenna that can change the radiation pattern
the transmitter and receiver) is carrled_by adrone SOWM_ESEE by adjusting the amplitude and phase of each antenna element, to
can scan and Sense a large area by ying _the drone_. Hr?\vmg asmallychieve fast scanning with narrower beart@ p5]. However, there
lightweight design foWIDESEE is essential to maintain a good is a problem for using a phased-array antenna with LoRa. The LoRa

endurance for the battery-powered drone. _ signal has a wavelength 88cmand to achieve 85 beamwidth,
WIDESEE operates by rst transmitting the LoRa signal, and then the linear array will have a size of approximatélyn. The resulted

capturing and analyzing the received resultant signal from the direct antenna design is not only expensive, but also too bulky to be tted
signal path and re ections off the target and surrounding objects. on a domestic drone.
To detect the presence of a human taryéESEE models how We wonder if we could bring together the advantages of horn

a human activity "k? breathing, waving or ambulating affects the antenna (small size and low cost) and phased array (high resolution
power spectral density (PSD) of the received SighdDESEEthen 4 scanning speed). In answer, we adopt a recon gurable antenna
tries to locate a detected human target by extracting and analyz'ngapproach 12], which is capable of switching the radiation pattern

the targets direction-related information. As depicted in Figure 2, 5 frequency properties through adjusting its internal current ow
WIDESEE consists of three innovative components: distribution to offer a narrow beamwidth.
A compactrecon gurable antenna systeta reduce the in- Speci cally, we choose to use a parasitic-planar-patch ante28ja [
terference from uninterested areas. To prevent moving targetsfor our recon gurable antenna design. Figure 3 shows our recon-
from being missed, the antenna should be able to adjust its gurable antenna implementation that is used at the receiver side,
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CY (b) (©

(a) The transceiver pair (b) Data collection and control

Figure 5: We use a DJI S1000 to carry the LoRa transceiver

@ © 0 pair (a) and the data collection/control subsystem (b).

10ms. We empirically determined this switching frequency which is
suf cient for sensing human targets. This is based on the observation
that the human body movements often have a frequency less than

10HZz[17].
) ) 0 Table 1 compares our antenna system (in three different modes)
against a similar-sized RFMAXG] — a widely used horn directional
Figure 4: Frequency and radiation properties of our recon g- antenna. From the table, we see that the frequency range and gain of
urable antenna system. Here (a-c), (d-f) and (g-i) respectively ~ our antenna system for the three modes are comparable to those of
represent the frequency property, radiation pattern and nor- RFMAX, but our design has the advantages of offering quick radia-
malized radiation pattern of mode1-3. tion pattern switching and a narrower beamwidth. These advantages

make our antenna system more suitable for target sensing with LoRa.
Note that, the total radiation angle range of our system is twice
RFMAX's, and the radiation pattern switching is much quicker (
i.e.,10ms) than horn antenna which requires mechanical rotation

Table 1: Properties of our antenna system and a similar-sized
RFMAX [5] — a popular horn directional antenna.

Frequency Gain  Beamwidth Size for direction change.
range (MHz)  (dBic) (at3dB) (cm?3)
WIDES de 1 896-926 9.2 48 .
e 802.998 88 o = 3.2 Data Collection and Antenna Control System
WIDE SEE (mode 3) 896-926 9.2 48 f R f
REMAX 902998 9 T T As depicted in Figure 2, we use a consumer drone to carry the

transceiver pair and its control and data collection modules.

which consists of a driven patch in the center and two parasitic 3.2.1 Transceiver pair. Our LoRa transceiver pair is shown in
patches on both sides. Beam steering is achieved by manipulatingrigure 5 (a). We use an off-the-shelf device, Semtech SX1€]76 [
the status of the parasitic patches to act either as re ectors (whenwith an omnidirectional antenna as the LoRa signal transmitter. The
shorted to ground) or directors (when not shorted to ground). The transmitter sends signals in a continuous mod@9aMHz frequency
radius of each patch i88mm. Two shorting pins are shorted to - the best working frequency of our recon gurable antenna system.
ground from each parasitic patch, to ensure that the currents canAt the receiver end, we use LimeSDR-mini (a software de ned radio
ow from the parasitic patches to the ground according to the RF board Hf]) as the LoRa gateway to collect signal at a sampling rate
switching con guration. Two SMP1345 PIN diode switches are sol- of 250KHz through running the GNU radio software development
dered on the parasitic patch layer close to each of the shorting pinstoolkit [2]. We connect the board to our recon gurable antenna (see
and the RF/direct-current (DC) input. Each diode occupies a small Section 3.1) through one of its RF connectors, and to an Android
space of aroun@ 2mm. The PIN diode is achieved by usinga smartphone (witl8G of RAM and12& of storage) via a USB 3.0
resistanceX5 ) and a capacitorl{5pF) for ON and OFF states, port.
respectively. The resulting antenna system is sn28ll (50cm) and The receiver end works as follows. After initializing the LimeSDR-
has a comparable weight to a similar-sized horn directional antennamini board, the antenna control software running on the Arduino
(< 1kg), but has the advantage of quickly switching the radiation board continuously switches among the three radiation modes of
patterns. It costs us less tha@0USD to build the antenna and its  the antenna, at a frequency of 10 ms. The LimiSDR-mini board
control system, and we expect the price to be signi cantly reduced collects the signal samples at each radiation mode, which are read by
during massive production. the smartphone to be transferred (labeled with the radiation modes)
Figure 4 shows the frequency and radiation properties of our to a laptop via LTE connection for data processing. In this way,
antenna system. Our current implementation supports three differentWiDE SEE can detect and localize targets within an interested area
radiation modes. We use an Arduino board to switch between the covered by each radiation mode. Note that it is possible for our target
three modes in a round-robin fashion, where switching occurs every detection and localization algorithms to run on the smartphone or an
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(a) Without human target. (b) With a moving human target.

Figure 6: Comparison of the PSD of the received signal when
there exists no human target (a) and a moving target (b). The
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(a) Ambulating. (b) Waving. (c) Stationary.
Figure 7: Frequency distribution of signal changes caused by
three states of a human target. Different states lead to different

signal frequency distributions.

PSD patterns in two scenarios differ signi cantly. WIDE SEE ex-
ploits this observation to detect the presence of human targets.

of a human body movement (L0Hz). Therefore, we rst use a low-

embedded device to remove the need of data transfer, and we leav@ass lter (i.e., second-order Butterworth low pass Iter with a cutoff
this as our future work. frequency oflOHZ) to remove the high-frequency motion artifacts

] in the frequency domain and then convert the ltered signal back to
3.2.2 Drone System. We use a DJI S1000 drong][to increase the time domain to be processed in the next stage. Our evaluation in
the area a single transceiver pair can effectively cover. As illustrated gection 4 shows that this is a simple yet effective strategy.
in Figure 5 (b), the LimeSDR-mini, smartphone, Arduino board are
put on top of the drone and are powered by200mAh portable 3.3.2 Human target detection. Human activities like hand wav-
power bank with &:4 A output. We employ the collision avoidance  ing and walking will alter the wireless propagation paths and lead
system provided by DIJ to avoid drone collision with obstacles. The to the change of signal amplitude at the receivd&l.[Prior work
drone is controlled by software running on a laptop, programmed shows that when no human target is present, the received signal
through the DJI software development kits. One limitation of the can be approximated as the superposition of constant signals and
drone system is that it can not operate for a long time when loaded the white Gaussian noise, yielding an invariant PSD with ti#i#. [
with the devices and one battery charge can support around 15By contrast, the PSD of the received signal resulted from a moving
minutes of ight. Our future implementation will look into reducing  human target, will lead to uctuations on the measured signal. As
the drone's load by running the data collection and antenna control an example, consider Figure 6 drawn from our own experiments.
software on a single computing device (e.g., the Arduino board), It illustrates the difference in the PSD with and without a moving
which can be powered directly by the drone's battery. Multiple human target. When no human target is present (Figure 6 (a)), the
drones can be utilized to alleviate this power-hungry issue. PSD of the received signal remains stable with time and close to

0Hz, while when a moving target presents (Figure 6 (b)), the PSD

3.3 Target Detection and Localization System uctuates at low frequencie)( 10Hz). Our work exploits this

We develop a set of algorithms to process the collected LoRa Signa|signal characteristic to detect the presence of a human target — if the
data to detect and localize human targets. The process of detectioneasured PSD frequency and its variance are both below a threshold
and localization works as follows. We rst pre-process the received (empirically settd:1Hzin our case), we consider there is no human
signal to remove the noises caused by the drone's vibration artifacts target; otherwise, we conclude that someone (with movements) is in
We then exploit the power spectrum density (PSD) of the processedthe sensing area.

signal to detect the presence of human targets. The PSD is calculated N this work, we focus on detecting human targets with large
as the Fast Fourier transform of signal amplitudes' self-correlation. movements: ambulating or waving in-place. We are also able to de-
Note that our detection mechanism can detect the presence of targetect a stationary breathing target when there is no obstacle between
no matter one or multiple targets are present in the sensing areathe transceiver pair and the target, or the obstacle is thin (see Sec-
After detecting the presence of a moving target, we apply the lo- tion 4.2.3). Figure 7 illustrates the normalized PSD of the re ected
calization algorithm to estimate the location of the target whose Signals of these three states (ambulating, waving and stationary) from
re ection is strongest at that time (note that during localization stage, @ human target in a controlled environment. The diagram shows that
we let the device hover in place). With the device mobility, we can different states exhibit different characteristics in the frequency do-
detect and locate multiple targets successively. As we have pre\,i_main, which can be used to identify and differentiate these states.
ously discussed/VIDESEE needs to effectively handle the multipath !N particular, human breath and waving present strong, dense PSD

effects and location ambiguities brought in by using only one LoRa With a frequency range df1-0:6 Hz and1-4 Hz, respectively. By
transceiver pair. contrast, the PSD distribution of an ambulating human target is more

spread apart, mainly due to the human target's randomized ambula-

3.3.1 Vibration noise elimination. Vibrations of a ying drone  tory trajectory pattern and uncorrelated movements of multiple body
inevitably introduce noise to the received LoRa signals. To remove parts.

the introduced noise, we exploit the observation that the motion
artifacts brought by a drone are within a frequency range between3.3.3 Ambulating Target Localization. Once an ambulating hu-
60Hz and150Hz, which is different from the lower frequency range  man target is detected, we focus on identifying the location of the
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2v t

t can be expressed &gy = a.x @’ kT Sk’ [21], whereay

is the amplitude of the signal ang is the signal phase at the initial
time point (i.e.t = 0). Then, the signal received at the receiver at
timet is a superposition df signals, which can be written as:

+2v t

yito = at;keil K cos i°. (1)

k=1
Let us denot&! ° as the self-correlation of the received signal
amplitudes at delay. Then,Rt °can be expressed as [21, 31]:

(@ (b) ©1 & v

i ) o ) Rt °=Cp+ C;j cos2 —lcosy cosi®; (2
Figure 8: (a) shows the setup of moving target localization. Sim- k=1j=k+1
ilar to the linear virtual array constructed by moving receiver.
The moving target also can emulate a linear array. (b) presents i
the superposition signal of multiple paths. Cy;j = —|—16'a‘}k<‘:j;;2j;k , whereaZ, is the signal power dt signal. It

is noteworthy thaR! °is consisted of a total K 2 harmonics.

target. One of the technical challenges in LoRa-based target local-Each harmonic's frequency is related to the cosine of two sources'
ization is that the multipath in LoRa is more severe than that in AoA (i.e., ; j, andk = 1,2,::;;K, j = 1;2;::;;K), which is given
other signals (e.g., WiFi). Even though we utilize the narrower beam by:
antenna at the receiver, the multipath within the sensing area can
be still substantially strong, which negatively impacts target local-
ization. To address the multipath issue for localization, previous Note thatosy andcos; are unknowns we are trying to obtain the
work has investigated various techniques, such as analyzing thevalues. These frequenciﬁj can be obtained by the frequency
AoA information [52], frequency hopping based on accurate chan- estimation technique, such as the fast Fourier transformation of
nel phase measuremefg] 40], and comparing ToF that requires  amplitudes' self-correlation followed by a peak magnitude detection.
large bandwidth and tight transceiver synchronizat®sj.[Unfortu- For the target moving and transceiver xed scenario shown in
nately, these techniques are not applicable to our system because thE&igure 8 (a), the resultant signal is composed of re ection (Tx
maximum bandwidth of LoRa is on00KHz, and the asynchro-  target! Rx) from an ambulating human target and direct path (Tx
nism between LoRa node (Tx) and gateway (Rx) makes it dif cult ! Rx). The resultant signal at tintecan thus be written as:
to extract stable phase readings from the received signal. Also, it o 42V 11508 1 4C0S 1O
is particularly dif cult to achieve synchronization between LoRa yit°=asel < +agel ¢ T Al (4)

node and gateway due to the cheap oscillator adopted. Because vahereas and s are the amplitude and phase of the direct path signal,
the chirp modulation, LoRa can tolerate high frequency offset for ag is the amplitude of the signal re ected from the moving target,
commutation so high-accuracy oscillator is not needed. 4 is the initial phaset(= 0) of the re ected signaly is the moving

In this work, we propose an amplitude-based anti-multipath methodspeed of the targety and g are two angles marked in Figure 8 (a).
to localize a moving target. The foundation of our method is to ex-  Equation (4) is a special case of Equation (1) with 2 sourkes (
tract direction-related information from signal amplitudes, inspired ) cos; = 0Oandcos» = cosT +cos g. The moving target can syn-
by & recent work by Karanawt al. [31]. By using the direction-  thesize a transmitter array. We mats 1 andcos 2 into Equation (3)
related information for localization, we have the opportunity to 5 gptain the following:
remove the multipath effect that however is not addresse8lin [
In the following subsections, we rst describe the basic concepts
behind extracting the direction-related information when a target is
moving. Then, we answer how to obtain target location information sincev, T and r are unknowns in practice, we jointly estimate the
from the extracted direction-related information. Finally, we propose direction-related paramet@ricost + cosr® asfh.2 according to
the solution to handle multipath. Equation (5).

whereCp is a constant term depending on the total signal power and

V. .
f.; = —jcosy cosjj: (3)

B2= j0 1 cost +CosRY; (5)

Direction-related parameter estimation. Here we rst describe Localization ambiguity avoidance. By utilizing the jvicost +

the framework for estimating direction-related parameter in device cos r®j estimate from only one transceiver pair to localize the target,

moving scenario (target does not move), which can be used to deducethere exist severe localization ambiguities that stem from three as-

the direction-related parameter in target moving case (device doespects: (1) the absolute value symbglapplied tovicost + cosRS;

not move). (2) unknown distanced between the target and the Tx-Rx LoS link
Considering a scenario in which we have one receiver that receivesas shown in Figure 8 (a); and (3) unknown speezhd direction

signals fromK different sources. When the receiver moves along ¢ of target movement. We show the localization result of a special

a straight line at a speed it can emulate a linear array. We can case (o = 0) in Figure 11 (a). We can see that even wigh= 0to

de ne the incoming angle of each signal source in far- eld s simplify the problem, there still exist ambiguities (the areas with red

k = 1,2, :::;K. Then, the signal received from tk& source at time color). So itis dif cult to obtain the target's true initial location.
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