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ABSTRACT The purpose of this work is to implement a novel active radar system for single access point
two-dimensional localization system based on 802.11 wireless local-area networks (WLAN). The active
radar employes the 802.11 Fine Time Measurement (FTM) Round Trip Time (RTT) as specified in the
2016 update of WIFI Standard to calculate the ranging distance and acquires two channels of Received
Signal Strength Indicator (RSSI) to estimate the azimuthal angle. In this way, real-time two-dimensional
localization of Wi-Fi RTT-compatible mobile Internet of Things devices is demonstrated using a single access
point operating in the 2.4GHz band. The experimental results performed in anechoic chamber and in a real
environment point up a mean positioning error below one meter within a Field of View (FoV) of 60° and
distances up to 14 meters, with an acquisition time below 0.5 seconds.

INDEX TERMS Localization with 802.11, active Wi-Fi radar, round trip time (RTT), angle of arrival (AoA),

amplitude monopulse radar.

I. INTRODUCTION

Real-timelocalization systems (RTLS) is one of the key
enabling technologies for efficient Internet of Things (IoT)
applications and services [l1]. More particularly, RTLS
for mobile devices connected to wireless local-area net-
works (WLAN) based on the globally spread 802.11 Wi-Fi
protocols have been widely proposed [2] as an indoor local-
ization option when the Global Navigation Satellite Sys-
tem (GNSS) cannot be precisely employed. Regarding indoor
environments, RTLS can be divided into fingerprinting (FP),
Time of Arrival (ToA), and Angle of Arrival (AoA). In the
last years, FP has been one of the most predominant indoor
location techniques [3]-[5] because every Wi-Fi card adapter
provides RSSI values. The main drawback of this technique
is that they rely on an extensive and time-consuming off-line
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calibration phase [6] and the variations over the time of
fingerprint in a large building require periodic recalibra-
tions [7]. ToA ranging methods require at least three Access
Points (APs) for triangulation techniques, and it can be based
on Received Signal Strength Information (RSSI) [8], [9],
or on the measure of the time-of-flight of the communications
accessing by the Channel State Information (CSI) [10] of the
Wi-Fi card. This technique, widely used in high-bandwidth
location systems like UWB, has the handicap of lower per-
formance in a higher multipath environment [11]. Moreover,
a small error in the time measures causes a significant error in
the computed distance because of the speed of light. For this
reason, CSI-based techniques require complex calibration for
synchronization and/or modifying the hardware/software to
acquire complex CSI/1Q data to obtain Time-of-Fligth infor-
mation. The estimation of AoA usually requires to employ
array antenna systems [12] along with complex signal pro-
cessing techniques [13], [14] where the IQ information from
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the signal is involved. However, another approach to estimate
AoA from accessible RSSI data can be found in the
literature [15], [16].

Furthermore, related to the ToA location techniques for
smartphones devices, a new scenario has been established
with the adoption of the 802.11mc (Wi-Fi Fine Time Mea-
surement, FTM) standard [17] by the Android smartphone
Android 9 and higher releases [18]. According to the Wi-Fi
Alliance, an accuracy in meters’ level can be reached with this
standard employing the Round-Trip-Time (RTT) procedure.
A complete empirical analysis of the FTM protocol was per-
formed in [19], and in [20], [21] location systems employing
RTT and inertial sensors from smartphones are depicted.

All the aforementioned works required several APs to
localize IoT devices. In most cases, the higher the number
of APs, the better the accuracy of the systems. Neverthe-
less, in the IoT paradigm, under some premises such as
smart-connected home [22], only one single or few APs
are available to implement services based on the precise
ubication of the inhabitants of the home.

In this context, several two-dimensional localization sys-
tems based on a single Wi-Fi AP can be found in the scientific
literature. To the best of our knowledge, CUPID [23] is the
first proposal of a single-AP indoor location algorithm using
commodity APs. The position of a smartphone employing
CUPID is determined by a combination of ranging and AoA
obtained by accessing to CSI. An improved version from
the same authors of CUPID is SAIL [24]. In this work,
the range estimations are based on the use of ToF computed
by accessing to CSI together with a dead reckoning system
based on a Kalman Filter implemented on Android smart-
phones. Another single AP location ToF-based algorithm
is Chronos [25]. It reaches decimeters accuracy employ-
ing MIMO (Multiple-Input Multiple-Output) two antennas
commercial devices. This accuracy in the ToF estimation is
achieved with the implementation of channel hopping and
combining the 35 different frequency bands as a wideband
radio. The implementation requires driver modification of the
Wi-Fi card driver for the channel hopping, and it is out of
the Wi-Fi standard. Similar to Chronos, the S-Phaser imple-
mentation [26] is a frequency hopping system. Nonethe-
less, it only uses two different channels. In detail, S-Phaser
employs CSI data and a proposed Interpolation Elimination
Method (IEM) to remove the phase and angle error of the
direct path of the signal. Afterward, it implements the Broad-
band Angle Ranging (BAR) to determine the transmitter dis-
tance and triangulation techniques to determine the location.

Another ToF related to single AP work is SiFi [27].
It utilizes a three-antennas MIMO single channel and a sin-
gle AP indoor location protocol built with commodity hard-
ware. As opposed to [23], [24], SiFi does not require extra
information from smartphone sensors. However, it requires
access simultaneously to the CSI of the three antennas of the
MIMO Wi-Fi card during the communication and cannot be
employed in real-time applications due to the latency of the
Linux CSI Tool and the computation complexity. Another key
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drawback is that only one device can be located at a time.
Splicer [28] is also in the bucket of CSI single AP location
system. It is based on the power delay profiling of the CSI
measures and can be implemented with only one commodity
Wi-Fi AP. The algorithm needs collecting the CSI of several
packets at different frequencies. Thereby, channel hopping
method is required. With the power delay profile system,
the ranging to the devices can be precisely computed.

Some other works implement single AP indoor location
systems using directly accessible RSSI, thus avoiding the
need of CSI data. The work [29] employs Switched Beam
Antenna (SBA) with eight dual Wi-Fi directional antennas to
implement a simultaneous range together with AoA system
with the RSSI. Similarly, in [30], RSSI data collected from
a SBA is used in conjunction with motion sensors to com-
pute the precise location. Therefore, all previous single AP
Wi-Fi localization systems are developed according the bases
of signal processing, which in turn integrates complex CSI
acquisition / phased-array techniques [23]-[28], or on more
straightforward RSSI processing at the cost of using complex
electronically switchable antenna arrays [29]-[30].

The main contribution of this work is the demonstration for
the first time of the conception of a simple active RADAR
for Wi-Fi RTLS using a single access point (AP), which
does not require complex CSI data or expensive phased-array
/ switched beam antennas. This digital radar is conceived
under the premises of the 802.11mc RTT protocol to estimate
the range distance and a monopulse antenna to estimate the
azimuthal angle from the measured RSS (Received Signal
Strength) levels. To the best of our knowledge, this is the
first work where both technologies have been combined for
location purposes. Section II describes this digital Wi-Fi
RTT monopulse RADAR, and its calibration phase in the
anechoic chamber is detailed in Section III. The real-time
two-dimensional localization performance in an outdoor sce-
nario is evaluated in Section IV, showing a mean positioning
error below 1 meter within a Field of View of 60° and
distances up to 14 meters, with an acquisition time below
0.5 seconds. Finally, Section V compares this active Wi-Fi
RADAR with other single access point Wi-Fi RTLS proposals
described in the literature and, finally, summarizes the main
conclusions of this work and future lines to improve this
innovative IoT indoor localization system.

Il. WI-FI RTT MONOPULSE SYSTEM DESCRIPTION

Classical monopulse RADAR systems have been used for
decades to estimate the range distance and angular location of
mobile objects from the received echoes [31]. More recently,
MIMO RADAR systems are being developed for passive
target tracking [32]. Our novel monopulse Wi-Fi system is
based on this concept, and can be understood as an active
digital version of classical passive monopulse RADAR. It is
an active RADAR since the range distance is not measured
from the passive reflection of transmitted echoes, but on
active communication using 802.11mc Wi-Fi Fine Time Mea-
surement (FTM) standard [17]. This FTM standard allows
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digital Round-Trip-Time (RTT) measurements, which would
be equivalent to the analog radio-frequency (RF) echo two-
way travel time, from which the range distance R can be
calculated with a meters’ level accuracy [19]-[21]. In addi-
tion, the Wi-Fi RSSI-based monopulse technique proposed
in [15], [16] can be used to estimate the azimuthal bear-
ing angle ¢ associated to the Direction-of-Arrival (AoA).
Therefore, range R and AoA angle ¢ estimation based on
active digital Wi-Fi metrics (RTT and RSSI, respectively) are
combined, and once the distance and the angle are obtained,
the precise (X,y) position can be directly computed as in
analog RF microwave monopulse RADAR.
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«———— mobile loT device
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FIGURE 1. Scheme of the proposed Wi-Fi RTT active monopulse RADAR.

The scheme of the system is illustrated in Fig.1, showing
a single 2 x 2 MIMO 802.11mc Wi-Fi AP which is con-
nected to two antennas (namely antenna left and right) in
tilted monopulse configuration [16]. As previously described,
by communicating with a RTT-compatible mobile device,
the RTT and the RSSI acquired by each antenna are processed
in a personal computer to estimate the range distance R and
the azimuthal AoA ¢, and eventually the 2D position {x,y},
as also illustrated in Fig. 1.
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FIGURE 2. 802.11mc fine time measurement (FTM) protocol for RTT
acquisition.
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Regarding the 802.11mc standard to obtain the RTT, it is
based on the FTM protocol [17]. This is a device-to-device
location protocol that requires that an initiator (in our case
a smartphone, but it can be any other IoT device) asks for
a ranging request to a responder, which is a Wi-Fi AP. The
protocol is illustrated in Fig.2. The first message frame sent
by the initiator to the responder is labeled as FTM request.
When the request is received by the responder, it dispaches
an acknowledge (ACK) frame to the initiator. This initiates
an exchange of two FTM-ACK frames from which the RTT
can be calculated from the associated timestamps ?1, 2, t3 and
t4 summarized in Fig. 2a, following the next relation:

RIT — (ta —11) — (13 — 1) )
2
This process can be repeated as a burst of n RTT-ACK frames,
as shown in Fig. 2b, to increase the RTT estimation accuracy
as follows:

1 n n 1 n n
RIT==_u (k=) 6 ()—=Q_ nk—) b k)
"= k=1 "= k=1
@)

For each of the FTM requests from an initiator, the above
protocol has to be executed. Once the RTT is computed,
the range R is estimated by multiplicating the time by the
speed of light ¢ and applicating a correction factor Rorrser
which must be calibrated a priori [19]:

R=RTT /2 co+ RoFrser 3)

This result is obtained by the initiator without the require-
ment of being connected to the AP, and it is implemented
in Android via APL This is an easy-to-use already available
technology present in commodity APs and mobile devices
which are compatible with the 802.11mc standard, in con-
trast to less accessible Time-of-Flight estimation based on
hardware modification for AP synchronization or CSI acqui-
sition [23]-[28]. In our case, we use a Yocto Wild AP [33]
equipped with a MIMO Wi-Fi chipset Intel 8260AC as the
FTM-compatible responder. As initiator, we use an Asus Rog
Phone II with the Qualcomm@®) Snapdragon™ 845, which is
a 802.11mc compatible smarphone. They are shown in the
picture of Fig.3.

Monopulse
antennas

A

MiMo WisFi
RTT Router

FIGURE 3. Picture of Wi-Fi RTT active monopulse RADAR in anechoic
chamber.
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Regarding the estimation of the azimuthal AoA angle ¢,
the monopulse power-based technique [31], [32] employing
two tiled antennas, has recently demonstrated a good estima-
tion of the AoA for Wi-Fi low-cost systems [16]. Its main
advantage, when compared to other Wi-Fi AoA techniques
applying complex CSI data for AoA estimation [23]-[28],
is that directly accessible RSSI data is used for the AoA
processing. In our case, we connect the MIMO Wi-Fi AP to
two commercial panel antennas [34], which are as antenna
left and antenna right in the scheme of Fig.1, and they are
also depicted in the picture of Fig.3.

The monopulse technique is based on the different power
levels received at each one of the two tilted antennas, depend-
ing on the azimuthal ¢ AoA of the Wi-Fi signal emitted by
the device. With the RSSI measured by each antenna as a
function of the incoming angle ¢, the sum (X) and difference
(A) patterns are generated. Besides, it must be taken into
account that smartphone localization using Wi-Fi systems can
operate in the near-field radiation region of the monopulse
antennas [35], and therefore the monopulse function must be
calibrated for different radial distances R inside this near-field
zone, and also for the far-field region. The monopulse func-
tion ¥ = A/X(¢,R) is defined in expression (4), where
Kp(R) is a correction factor which must be calibrated as a
function of distance [35].

A(¢.R) RSSIR(¢,R)—Kp(R)-RSSIL (¢, R)
T (¢,R)  RSSIg(¢,R)+Kp(R)-RSSIL (¢, R)
“)

To estimate the AoA angle ¢, the RSSI acquired by each
antenna of the MIMO AP is read and the monopulse value
Wgssy is calculated in (5). Then a direct numerical search
is performed to obtain the estimated AoA ¢gsr which min-
imizes the monopulse comparison error function defined in
equation (6):

v (¢p,R)=

Agssi  RSSIR — Kp - RSSIy,
Srssi  RSSIg + Kp - RSSIL

ield. .
DoA = ¢rsr > min | (¢gst, R) — Wrssi|  (6)

&)

Wrsst =

IIl. RANGING AND ANGULAR CALIBRATION

As described, both the RTT estimation (1)-(3) and the AoA
estimation (4)-(6), need a calibration phase before the esti-
mation process can be initiated. This calibration is performed
in an anechoic chamber as shown in Fig.3, which allows
to measure angular radiation patterns as a function of the
distance between R = 50cm and R = 3m.

The calibration steps are sketched in Fig.4. First, the offset
Rorrser in equation (3) must be calibrated to carry out
accurate evaluation of the RTT and thus precise estimation
of the ranging distance R. For that, the RTT is measured in
the anechoic chamber as a function of the radial distance R
and for different angular directions ¢. The experiments have
been performed in channel #6 (2.437 GHz) with a 20MHz
bandwidth. The measurements are depicted in Fig.5. This
figure shows an offset Rorrser = 600cm is the more suitable
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FIGURE 4. Steps in the calibration process.
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FIGURE 5. Measured ranging distance R after calibration of the RTT offset.

for all the ranging distances from R = 50cm to R = 3m.
As can be seen, the estimated RTT ranging error is more
significant for shortest distances R = 1m and R = 50cm.
Also, it can be observed that the estimation error increases
for angles of observation higher than ¢ = +60°. As will
be shown, this is related to the Field of View (FoV) of the
monopulse antennas, which gain strongly decreases out of
this angular zone. In any case, the calibrated RTT offset is
established to the fixed value Rprrsgr = 600cm, as summa-
rized in Table 1. This fixed value must be independent of the
unknown distance R and AoA angle ¢, since it will be used
to estimate the ranging R and the AoA direction ¢.

The next step is to calibrate the monopulse functions as a
function of the ranging distance R and the azimuthal angle
¢, following equations (4)-(6). To this end, the digital sum
(¢, R) and difference A(¢, R) patterns shown in Fig.6 are
characterized by acquiring the RSSI levels at the left and right
antennas, which in turn depend on the azimuthal angle and the
ranging distance R.

The measured normalized RSSI angular patterns are plot-
ted in Fig.6 for the same ranging distances from R = 50 cm
to R = 3m as in Fig.5. As described in [35], the angular
patterns vary due to the near-field effects, and this must be
considered for accurate angular estimation in short distances.
In our case, the near-field zone reaches up to R = 2.5 m; for
larger distances the far-field patterns obtained for R = 3 m
can be used. Similarly, the correction factor Kp(R) in (4) must
be properly calibrated for distances in the near-field zone,
in order to obtain accurate monopulse functions. The values
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FIGURE 6. Measured sum and difference patterns as a function of
ranging distance R after calibration of the monopulse offset.

TABLE 1. Calibration of RTT Offset Rorpsgr and Monopulse Factor Kp.

Distance R (m) Rorrset (cm) Kbo (dB)
3 600 -0.7
2 600 -1.0
1 600 -23
0.5 600 -4.0

of Kp(R) to obtain the optimum calibrated normalized RSSI
patterns in Fig.6 as function of the ranging distance R, are
summarized in Table 1.

—R=-3m
08F | —R=2m

06 P ——fl=1m 1
% R =50cm 1
= 04 1
D 1
L% 02t 1
1
g o ]
=1 1
a 02 i
2 i
§ 04+ |
0.6 i
08 :

I L I [ L L L L L 1 L L L I

70 60 50 40 30 20 10 0 10 20 30 40 50 60 70

¢ (degrees)

FIGURE 7. Measured monopulse functions as a function of ranging
distance R after calibration of the monopulse offset.

Once the sum X (¢, R) and difference A(¢, R) patterns,
together with the monopulse correction factor Kp(R), have
been characterized in the anechoic chamber, the angular and
range dependent monopulse functions W (¢, R) (equation (4))
shown in Fig.7, are calibrated and recorded as summarized
in the calibration process depicted in Fig.4. As explained
in [35], the monopulse function shows an angular range
without ambiguity, where it monotonically varies between
— 1 and + 1, and which determines the FoV. As it can be
seen in Fig.7, in our case the FoV is limited from ¢ = —30°
to ¢ = +30°. Within this FoV, both the AoA and the RTT
ranging distance can be accurately estimated. Out from this
FoV, the AoA estimation suffers from ambiguities, and as
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it was shown in Fig.5, the RTT-based ranging also shows
increased error in the distance estimation.

Estimation Phase

| Estimate of range (R)
acquiring RTT

=Tt

Estimate DOA ¢ acquiring
RSSI1, RSSI2 and using far-field
monopulse function ¥{¢)

Calibration Phase

Determination of Rygeqer

Calibration of
monopulse functions
depending of distance

Estimate DOA ¢ acquiring
RSSI1, RSSI2 using near-field
monopulse function ¢, z)

Range + Estimate
DOA

2D Location

FIGURE 8. Flow-chart for ranging and AoA estimation process after
calibration.

After the calibration phase, the estimation of the ranging
distance R and the AoA angle ¢, is accomplished by the
algorithm sketched in Fig.8. First, the range R is estimated
using the RTT FTM technique with the calibrated offset
Rorrser. Once R is estimated, the AoA angle ¢ is estimated
using the adequate monopulse function for this value of R.
In particular, if R < 2.5m (which is the near-field distance) the
pre-recorded monopulse function (¢, R) must be applied.
If the estimated range R extends further into the far-field zone,
then the far-field monopulse function W(¢, R = 3m) can be
used independently of the estimated distance.

As an example, the RTT range R and the AoA angle ¢ are
estimated inside the anechoic chamber for different distances
R, and the range and angular estimation error is plotted
in Fig.9. As it was previously anticipated, the RTT-based
distance estimation works better for larger distances and for
angles within the FoV, showing an error below 10 cm for
R = 3m and R = 2m and for angles between ¢ = —30°
and ¢ = +30°. For a shorter distance of R = 1m, this error
increases up to 30cm and up to 60cm for R = 50cm, due to
the aforementioned near-field inaccuracies.

Similarly, the AoA estimation shows an error below 5°
inside this FoV ¢ = +30° and for distances above R = 1m.
For R = 50cm, the near-field effects involves a higher error
in the AoA estimation, up to 20° even within this FoV (see
Fig.9d). In any case, out of the FoV, both range and AoA esti-
mation present increased inaccuracies. The AoA estimation
error increases up to 60° for angles well far from the FoV (see
forinstance ¢ = +70°), and similarly the RTT-based distance
estimation reaches error values up to 75cm. The increased
AoA estimation error outside the FoV is mainly due to the
fact that the monopulse function has a bi-univocal behavior
only in the linear zone ranging from —30° to +30°, as clearly
shown in Fig.7 [16]. Outside this limited FoV, the AoA cannot
be univocally guessed, leading to wrong angular estimates.
Similarly, the RTT-based distance estimation performs better
inside the FoV, where the panel antenna gain is greater.
The FoV could be extended using scanning antennas, at the
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FIGURE 9. Ranging and angular estimation error in anechoic chamber for
different radial distancesa)R=3mb)R=2mc)R=1md)R =50 cm.

expense of a more complex system which is out of the scope
of this work. As described in [35], thanks to the correct
guess of the near-field distance, the appropriate dependent
monopulse function can be chosen and the AoA estimation
error due to near-field effects can be strongly mitigated. This
makes this localization system suitable to localize mobile
devices at distances even when the far-field radiation zone is
not guaranteed. This is of much importance for real WLAN
scenarios, where the mobile devices can be located at short
distances from the Wi-Fi AP.
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The performance of this single-AP Wi-Fi RADAR system
for two-dimensional localization in a real outdoor scenario is
evaluated in the following Section.

IV. TWO-DIMENSIONAL LOCALIZATION

Once calibrated, the single-AP RTT Wi-Fi monopulse
RADAR has been placed in an outdoor scenario to evalu-
ate its performance for real-time two-dimensional localiza-
tion of 802.11mc compatible mobile devices. A total area
of 12 m x 12 m is studied, using the 62cm x 70cm floor
tiles as a grid. This is sketched in the pictures of Fig.10,
leading to a total of 304 sampling points. The AP is located at
x =0my = 0 m, and for each sampling position with known
coordinates, its distance R to the AP and its bearing angle
¢ are estimated to evaluate the two-dimensional positioning
accuracy.

g ' x (m)

FIGURE 10. Experimental setup for outdoors localization with single-AP
Wi-Fi RTT monopulse RADAR. a) Lateral view b) Front view c) Localization
zone layout.

The blue lines in Fig.10c represent the limits of the angular
FoV (from ¢ = —30° to ¢ = +30°), while the red circles
with radii R = 0.5m, R = Im, R = 2m, and R = 3m show
the near-field zones of the RADAR system. To illustrate the
real-time signal processing for localization, the data acquired
during 45 seconds are analyzed for two illustrative positions
of the mobile devices: point A inside the FoV and point B
outside the FoV. The sampling rate is 450 milisecs, so that a
total of 100 samples are plotted in the 45 sec-long datagrams
shown in Fig.11 and Fig.12 (for points A and B, respectively).

In Fig.10c, point A is located at coordinates x = — 1.875m,
y = 8.4m, which corresponds to R = 8.6m and ¢ = —12.6°
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FIGURE 12. a) Real-time Wi-Fi signal acquisition and b) RADAR
estimation outside the FoV (point B in Fig.10c).

inside the FoV. Fig.11a plots the RSSI acquired by each
antenna connected to the MIMO Wi-Fi AP. As commented,
every 450 msecs., the RSSI values are refreshed and pro-
cessed in real-time using the amplitude monopulse technique
to estimate the azimuthal AoA angle ¢. Prior to that, the rang-
ing distance R must first be estimated, to determine if the
mobile is in the near-field or the far-field zone of the RADAR.
The estimated distance R is plotted with continuous black line
in Fig.11b, showing that it fluctuates above the real distance
R = 8.6m (dashed black line), with a maximum deviation
to R = 9.5m (this is, less than one meter error). Once the
ranging distance is estimated, the location algorithm selects
the appropriate monopulse function to estimate the AoA,
as it was sketched in Fig.8. In this case, point A is in the
far-field zone of the RADAR (R > 2.5m), so that the far-field
monopulse function W(¢, R = 3m) is applied to estimate ¢
from the acquired RSSI data at each antenna. The estimated
A0A is plotted with continuous red line in Fig.11b, and it is
compared to the real AoA ¢ = —12.6° (dashed red line).
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In this case, since the point A is within the FoV, the esti-
mated AoA shown in Fig.11b varies between ¢ = —14° and
¢ = —20°, i.e. with a maximum error of 8° compared to the
real AoA. It is remarkable that, despite the 5 dB variations in
the acquired RSSI levels observed in Fig.11a, the estimated
angle keeps stable with only this 6° fluctuation. As it can be
seen in Fig.11a, the variations in the RSSI levels acquired
from antenna left and antenna right are correlated. As it
was explained in [16], the amplitude monopulse comparison
technique absorbs the fluctuations due to fading, orientation,
obstacles, etc. which affect similarly to both antennas, and
which are not associated with a real AoA change.

The signals acquired for the point B, located at
X =+ 5m, y = 4.9m with R = 6.5m and ¢ = +50° outside
the FoV, are analyzed in Fig.12. This time, both the estimation
of distance and AoA suffer from higher errors. Particularly,
the RTT FTM technique shows a mean error of 1.5m, esti-
mating the distance around R = 8m. More remarkable is the
AoA estimation error, which due to ambiguities outside the
FoV estimates a false AoA around the perpendicular direction
of the AP ¢ = 0°, leading to wrong location of the mobile
device as shown by the point B’ in Fig.10c.

To better illustrate the overall localization performance
of the proposed RTT Wi-Fi monopulse RADAR system,
the AoA estimation error, the ranging estimation error, and
the eventual two-dimensional localization error (Euclidean
distance error) are analyzed for the 304 sampling points
covering the 12m x 12m testing grid. The spatial distribution
of the error is plotted as a heatmap in Fig.13. In particular,
Fig.13a illustrates the AoA error, showing that inside the
FoV this error keeps below 10° in most of the points, while
outside the FoV the monopulse ambiguities strongly increase
the uncertainty in the estimation of the AoA angle. The
range estimation plotted in Fig.13b also suffers from higher
error outside the FoV, although this is not so remarkable
as for the AoA estimation. As commented, close to the AP
(R < 3m), the RTT ranging estimation error is higher due to
the near-field effects. Also, for distances above 10m the RTT
inaccuracy increases; therefore, at a mid-distance ranging
between R = 3m and R = 10m the RTT precision shows the
best ranging estimation.

In any case, once the ranging R and the AoA angle ¢ have
been estimated, the two-dimensional coordinates {x,y} of
the mobile device can be calculated. The Euclidean distance
between the real location and the estimated coordinates is
evaluated for each point, and the resulting spatial distribution
of the localization error is plotted in Fig.13c. It is clearly dis-
tinguible the difference in the performance inside and outside
the FoV. The Cumulative Distribution Function (CDF) for
each estimate (AoA, ranging, and Euclidean distance errors)
is plotted in Fig.14 to summarize the system performance,
distinguing between inside the FoV, outside the FoV, and the
whole zone performance.

Fig.14a illustrate the distribution of the CFD for the AoA
error obtained from the monopulse function. It is demon-
strated that 90% of the samples inside the FoV show less than
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FIGURE 13. Spatial distribution of mean error in the estimation of a)
angle of arrival ¢, b) range distance R, and c) 2D location.

10° AoA estimation error, and 100% of the samples present
an error below 28°. As summarized in Table 2, the corre-
sponding root mean square error (RMSE) is below 6° and
the mean error is below 5° for this FoV zone. Outside the
FoV, the AoA estimation strongly deteriorates, reporting a
90% percentile with almost 65° error and 34° mean angular
error. The CDF with the ranging errors measured from the
RTT distance estimation is shown in Fig.14b, reporting a 90%
percentile of the samples inside the FoV with less than 1 meter
deviation from their actual distance to the Wi-Fi AP. This
ranging error 90% percentile increases up to 170cm outside
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FIGURE 14. CDF for estimation error of a) angle of arrival ¢, b) range
distance R, and c) 2D location.

the FoV. As previously commented, the ranging estimation
performance does not deteriorate so much out of the FoV
zone, as it happened to the AoA estimation.

This is evident from the CDF curves, which show that the
AoA CDF strongly worses outside the FoV in Figl4a, while
the RTT CDF in Fig.14b keeps more stable although pointing
out higher error outside the FoV. The associated RMSE and
mean ranging error are summarized in Table 3, showing that
inside the FoV the mean error is below 50cm, while outside
the FoV it increases to 77cm.

Finally, the two-dimensional localization performance
with the combination of monopulse function and the
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TABLE 2. Angular Errors From Monopulse Estimation.

Zone RMSE Mean error | 90% percentile
Inside FoV 5.89° 4.66° 9.6°
Outside FoV 40.75° 33.97° 64.9°

Total 27.02° 17.19° 53.38°

TABLE 3. Ranging Errors From RTT Estimation.

Zone RMSE Mean error | 90% percentile
Inside FoV 71.83 cm 48.47 cm 94.17 cm
Outside FoV 113.67 cm 77.13 cm 169.72 cm

Total 92.1 cm 60.72 cm 128.14 cm

TABLE 4. Euclidean Distance Error From Two-Dimensional Location
Estimation.

Zone RMSE Mean error | 90% percentile
Inside FoV 115.85 cm 94.94 cm 171.47 cm
Outside FoV 446.48 cm 363.6 cm 747.53 cm
Total 304.84 cm 209.82 cm 572.35 cm

ranging measured with RTT is summarized in Table 4 and
the associated CDF curves are plotted in Fig.14c. Due to the
strong influence of the FoV zone in the AoA estimation,
the resulting localization performance also reports a strong
degradation outside the FoV, as it can be seen in the corre-
sponding CDF curves in Fig.14c. As summarized in Table 4,
90% of the samples inside the FoV can be localized with 1.7m
of error, leading to a mean error below 1 meter inside the
vision of the Wi-Fi RADAR. Outside the FoV, the localization
error strongly increases above 3.5m, mainly due to the AoA
ambiguities. This limited 60° FoV without ambiguities can
be increased using beam-scanning monopulse antennas [36],
like the one proposed for Bluetooth Low Energy (BLE) local-
ization systems [37].

Therefore, we can conclude that the proposed RTT Wi-Fi
monopulse RADAR system provides a mean positioning
error below one meter within a Field of View of 60°
and distances up to 14 meters. Thanks to the adaptative
range-dependent monopulse functions, the localization sys-
tem can successfully operate also in the near-field zone of
the AP, which for Wi-Fi frequencies extends up to 3 meters
from the monopulse antennas. Moreover, due to the directly
accessible RTT and RSSI data, real-time operation with
an acquisition and processing time below 0.5 seconds is
demonstrated using a single 802.11mc MIMO Wi-Fi Access
Point and FTM-compatible mobile devices. A single com-
mercial AP has been used, without the need of modifying the
hardware and/or software to acquire complex CSI / IQ data
to obtain Time-of-Fligth information. The next Section com-
pares the proposed RTT Wi-Fi monopulse system with other
state-of-the-art single-AP Wi-Fi real-time localization
systems (RTLS).

V. COMPARISON WITH OTHER SINGLE AP WI-FI RTLS

As depicted in the introduction section, some works about a
single-AP localization systems have already been published.
As will be detailed below, most of them require complex

VOLUME 9, 2021

processing techniques employing the CSI information or the
use of channel hopping mechanism out of the Wi-Fi standard.
In the next paragraph and in Table 5, we will describe the
information employed in each of the already published sin-
gle AP system together with the main differences with our
system.

CUPID [23] was the first paper published under these
premises. Like many other proposals enumerated later, the
algorithms require access to the transmission’s CSI informa-
tion. This operation cannot be performed in most of the off-
the-shelf AP. Therefore, in the demonstration experiments,
the authors do not use a commercial AP. Indeed, they use a
laptop with an external Wi-Fi card as an AP, and simulate
an IoT device to be localized with another laptop. This is
because the system required a modification in the device’s
PHY layer which is not accesible in commercial smartphones.
Moreover, the laptot working as receiver has to run specific
tools for accessing the CSI data of the transmission and
receive the information of the smartphone’s inertial sensors
simultaneously. The mean error localization value of this
system is around 5 meters.

On the contrary to CUPID [23], the SAIL [24] proposal
employed a commercial AP. However, an internal 88MHz
WLAN clock is required to compute the Time-of-Flight (ToF)
based on Time-of-Departure (ToD) and Time-of-Arrival
(ToA) from the PHY layer. This precise clock is not present
in commercial Wi-Fi cards. Moreover, the calculation of ToF
requires computing the CIR (Channel Impulse Response)
from CSI information and the use of dead reckoning sys-
tem employing the inertial sensor from the smartphone. The
reported mean localization error of SAIL is 2.5 meters.

One of the most accurate systems is Chronos [25], with a
few decimeters of error in Line-Of-Sight conditions. Chronos
implements a channel-hopping mechanism among 35 Wi-Fi
channels to estimate the ToF. Since this channel-hopping
procedure is out of the Wi-Fi standard, Chronos was imple-
mented into a driver modification and tested with two PCs
which must synchronize the frequency band in each hopping
with a periodicity of 2-3 msec.

Another channel-hopping proposal is S-Phaser [26]. This
system, similar to those above, requires access to CSI infor-
mation and synchronization algorithms for estimating the
distances. The authors proposed a synchronization algorithm
for resolving the errors in the phase estimation reading the
CSI and computing a precise ranging system, and another
algorithm for the ranging estimation. For the testing proce-
dure, a PC was employed to access the CSI information with
1.5 meters of accuracy in Line-Of-Sight (LoS) conditions.

Splicer [28] is another channel hopping approach which
integrates a splicing mechanism for aggregating the CSI
acquired in different frequencies. This work generated a
power delay profile, which was used for computing the rang-
ing to the devices. Some processing techniques are required
to remove the amplitude and phase errors introduced by the
hardware. The mean error obtained by this works is around
1 meter.
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TABLE 5. Comparative Table With Other Single AP Location System.

cards

hardware

Main Characteristics Problems Mean Error
Cupid [23] Ranging and AoA computed accessing the | The device to locate must have inertial Around 5 m
P CSI and a inertial sensors from smartphone | sensors from smartphone.
ToF solution employing the CIR from the Needs for a very precise internal Wi-Fi card | 2.5 m
Sail [24] PHY layer and internal clock of Wi-Fi clock not present in all commercial

Chronos [25]

ToF obtained from CSI with 35 Wi-Fi
channel hopping

Requires driver modification out of Wi-Fi
standard for channel hopping

Decimeters in LoS

Ranging system from CSI with two Wi-Fi Requires driver modification out of Wi-Fi 1.5min LoS
S-Phaser [26] | channels hopping and three MIMO standard for channel hopping
antennas triangulation
ToF triangulation system based on three Cannot be employed in real-time because 0.93 m
SiFi [27] MIMO antennas using CSI, and separated the high complexity
from the AP a few meters
Splicer [28] Power delay profiling with a mechanism for | Requires driver modification out of Wi-Fi Im
correct the hardware CSI error standard for channel hopping
[29] Switched Beam Antenna with eight Employs a complex antenna system which 0.95 m in anechoic
directional antenna must be electronically controlled chamber
[30] Bluetooth RSSI data and motion sensors The device must have inertial sensors 5.6m
Proposed 2D radar with RTT and RSSI-based Only cover 60° of FoV 0.95m
method monopulse antenna

A localization system with a single AP and without channel
hopping is SiFi [27]. This work is a ToF one channel sys-
tem which requires three antennas installed far away from
the AP. With the simultaneous access to the CSI from the
three antennas, authors can estimate the direct path from the
transmitter to each antenna and estimate the delay time. With
that information and triangulation, the system achieved an
accurate position. The system is tested with a PC with the
Linux CSI Tool working as an AP and another PC as the
target to localize. The antenna connected to the AP has to be
installed several meters away from the PC, and it is a hand-
icap of the system. Additional drawbacks of the system are
the high computation complexity which avoids the real-time
localization implementation and the limitation of localizing
only one user per time. The mean error of SiFi is 0.93 meters.

Similar to our proposal regarding the use of RSSI values
without requiring CSI accessing is [29]. However, in this
proposal, a complex eight dual 2.4 - SGHz Switched Beam
Antenna designed explicitly for this proposal is required.
These antennas must be electronically switched on and off.
Our proposal works with RSSI similar to this last one, but
on the contrary, only two tiled commercial directive antennas
are employed using a commercial 2 x 2 MIMO Wi-Fi card
which can read the RSSI from each titled antenna. Moreover,
the mean error reported in [29] is about 1 meter in an anechoic
chamber with optimum propagation conditions, and no infor-
mation is given about its operating real-time performance
outside the anechoic chamber. Another RSSI-based single-
AP RTLS was proposed in [30]. In this work and similar
to [23], [24], because of the limitation of estimating the posi-
tion employing only a unique AP, a dead reckoning system in
the smartphone was implemented using the inertial sensors of
the mobile IoT device.

To the authors’ knowledge, the proposed RTT Wi-Fi
monopulse system is the first single-AP system that can
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precisely localize an IoT device without the use of complex
signal processing techniques, neither the use of CSI infor-
mation nor the smartphone inertial system. Only with the
use of the RSSI and RTT data directly accessible from com-
mercial 802.11mc MIMO Wi-Fi Access Point, the proposed
system is able to estimate the AoA angle and the ranging
distance of any 802.11mc-compatible IoT device. With both
the angle and the distance, the precise position can be easily
determined. Moreover, because of the easy-to-acquire and
low-cost complexity, the system is able to localize in real-time
and more than one device simultaneously, using a single
commercial AP.

VI. CONCLUSION

It has been demonstrated that a single commercial 802.11mc
MIMO Wi-Fi Access Point connected to a monopulse
antenna, can be successfully used to estimate the Direction-
of-Arrival and the ranging distance to a mobile IoT device,
without the need of accesing complex CSI data, which relies
on non-standard synchronization process (which requests
specific hardware and software out of the IEEE WiFi stan-
dard to perform the time and/or phase synchronization for
precise CSI-based localization). The directly accessible RSSI
and RTT information provided by any commercial 802.11mc
MIMO Wi-Fi AP is sufficient to perform the two-dimensional
localization, thus allowing real-time operation with commer-
cial mobile IoT devices, and without the need of using inertial
sensors. It is reported a positioning error below 1 meter, with
an acquisition and processing time below 0.5 seconds. Its
main drawback is that this succesful performance deteriorates
out of the limited monopulse antenna Field of View of 60°,
due to angular ambiguities. This limitation can be improved
using several APs, or using beam-scanning monopulse sys-
tems, at the cost of increasing the overall system com-
plexity. In any case, the demonstrated single-AP real-time
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localization performance inside this 60° FoV, together with
its relative simplicity, makes this Wi-Fi RTLS an interest-
ing solution for low-cost commercial applications using the
802.11mc FTM protocol for RTT ranging, together with
RSSI-based angular monopulse techniques.

In future research we will study the potential localiza-
tion system improvement when several APs are employed,
or when beam-scanning monopulse antennas are used to
extend the limited FoV
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