IEICE TRANS. FUNDAMENTALS, VOL.E106-A, NO.5 MAY 2023

765

| PAPER Special Section on Intelligent Transport Systems and Wideband Systems

Performance Evaluation of Wi-Fi RTT Lateration without

Pre-Constructing a Database

Tetsuya MANABE ™, Senior Member and Kazuya SABA'', Nonmember

SUMMARY  This paper proposes an algorithm for estimating the loca-
tion of wireless access points (APs) in indoor environments to realize smart-
phone positioning based on Wi-Fi without pre-constructing a database. The
proposed method is designed to overcome the main problem of existing po-
sitioning methods requiring the advance construction of a database with
coordinates or precise AP location measurements. The proposed algorithm
constructs a local coordinate system with the first four APs that are activated
in turn, and estimates the AP installation location using Wi-Fi round-trip
time (RTT) lateration and the ranging results between the APs. The effec-
tiveness of the proposed algorithm is confirmed by conducting experiments
in a real indoor environment consisting of two rooms of different sizes to
evaluate the positioning performance of the algorithm. The experimental
results showed the proposed algorithm using Wi-Fi RTT lateration deliv-
ers high smartphone positioning performance without a pre-constructed
database or precise AP location measurements.

key words: Wi-Fi RTT, WLAN RTT, round-trip time, ranging, lateration,
local coordinate system, location configuration information report, LCI
report

1. Introduction

The demand for location-based services (LBSs), which re-
quire the geographical location of a mobile phone, is grow-
ing with the popularization of smartphones. The provision
of high-quality LBSs requires highly accurate and precise
location information, because the quality of LBSs depends
on the positioning performance. Global navigation satellite
system (GNSS) is widely used as a positioning technology,
but it is known to cause large errors or results are not ob-
tained in non-open-sky environments, e.g., urban canyons,
underground, and indoors. By the way, Japanese people
reportedly spend 90% of their daily time on weekdays and
88% thereof on holidays indoors (e.g. [1]); thus, accurate and
precise positioning is important, particularly indoors. There
are some positioning techniques based on radio waves, such
as Wi-Fi and ultra-wideband (UWB), which can be used in
indoor environments. UWB uses short time-length pulses to
measure distance and shape. It can be used in some smart-
phone models. However, UWB requires the installation of
dedicated tags for positioning. On the other hand, Wi-Fi is
equipped as a standard feature in many smartphones. Wi-Fi
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access points (APs) are already installed for communication
in various places, such as private homes, offices, stores, and
public facilities. These APs can also be used for smart-
phone positioning. Thus, Wi-Fi is widely used to determine
the positions of smartphones in indoor environments. Typ-
ical positioning algorithms for Wi-Fi include proximity [2],
fingerprint [3], [4], and lateration [5] algorithms. The prox-
imity algorithm regards the device location as the position of
the closest AP at which the strongest received signal strength
(RSS) has been observed. This algorithm is commonly used
for rough positionings such as check-in and area identifica-
tion. The fingerprint algorithm identifies the device location
probabilistically from a database (DB) consisting of refer-
ence information of locations, the unique identifier (e.g., the
media access control address and basic service set identifier)
of the AP, and RSS. This algorithm is the most widely used
on smartphones. To realize highly accurate and precise po-
sitioning using the fingerprint algorithm, the DBs need to
include sufficient training data, the acquisition of which is
time-consuming and requires considerable effort (e.g. [6]).
The lateration algorithm entails the calculation of the dis-
tance between the AP and the mobile device. If the location
(xp, Yp, zp) of the mobile device is unknown, it can be identi-
fied by solving a three-way simultaneous quadratic equation
from the coordinates of three known APs. Although RSS is
widely used for ranging (distance measurement) on Wi-Fi, its
performance is greatly affected by radio-wave fluctuations,
and its positioning performance has been reported to be in-
ferior to that of the fingerprint algorithm [7]. Time-based
ranging over Wi-Fi has also been proposed [8], and efforts
have been made to improve its performance (e.g., [9], [10]).
However, this method requires specialized equipment and
is not compatible with smartphones. On the other hand,
the method of the Wi-Fi (WLAN) round-trip time (RTT)
was standardized in 2016 as IEEE 802.11-2016 [11]. This
method measures the RTT of packets between a responder
(e.g., an access point) and an initiator (e.g., a smartphone)
and is a standard component of Android 9 (Pie). In other
words, commercially available smartphones and APs can
now be used for time-based ranging and positioning. As a
result, many research groups are currently focusing on Wi-Fi
RTT in their studies [12]-[35]. These existing research ef-
forts on Wi-Fi RTT-based positioning methods assume that
the location of the APs is known, that is, that administrators
set the AP location information in advance.

Incidentally, the fine timing measurement (FTM) used
in Wi-Fi RTT includes the location configuration informa-
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tion report (LCI report), which is used to send the location
of the responder (e.g., an access point) to the initiator (e.g.,
a smartphone) [11]. In addition, ranging by Wi-Fi RTT can
be performed not only between smartphones and APs, but
also between APs. In other words, APs that support Wi-Fi
RTT can estimate their own installation location by ranging
each other. The estimated location of the APs can then be
sent to smartphones via LCI reports. These mechanisms
eliminate the pre-construction of a DB, which was essential
for conventional Wi-Fi-based positioning. Against this back-
ground, the algorithm we propose for estimating the location
of APs realizes Wi-Fi RTT lateration without the need to
pre-construct a DB and without requiring precise measure-
ment of the AP installation location. The performance of the
method is then evaluated by carrying out experiments in real
indoor environments.

2. Wi-Fi RTT Ranging, Positioning, and LCI Report
2.1 Wi-Fi RTT Ranging

Figure 1 illustrates the basic principle of Wi-Fi RTT. A sta-
tion (STA; initiator) transmits an FTM request to an access
point (AP; responder). The AP transmits an FTM message to
the STA, and the STA receiving the FTM message performs
an acknowledgment (ACK) transmission. At this time, the
AP records the time at which the FTM message is transmit-
ted, 71, and the time at which the ACK is received, t4, and
the STA records the FTM message reception time, #,, and
the ACK transmission time, #3. The AP then places #; and
t4 into an FTM message and transmits it to the STA. As a
result, because 1, 7, 13, and #4 are aligned in the STA, the
RTT is calculated. To improve the measurement accuracy,
RTT is determined by calculating the average of m round
trips as expressed by Eq. (1).

1 m m
RTT=—| " ()= (k)= ()= n(k)| (1)
m\i= k=1
Then, the AP-STA distance, d, is calculated using d =
STA (initiator)

o FTM Request AP (responder)
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Fig.1  Wi-Fi RTT basic principle.
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RTT - c/2, where, c is the speed of electromagnetic wave
propagation. The STA and AP clocks do not need to be syn-
chronized as the time differences between readings taken
by the same clock are calculated. The ranging perfor-
mance of Wi-Fi RTT in real environments has been eval-
uated [12], [13].

2.2 Positioning Based on Wi-Fi RTT Ranging

Wi-Fi RTT ranging can determine the distance between an
initiator and a responder (e.g., between a smartphone and
an AP, or between two APs), thus the lateration algorithm
is generally used as the positioning method. As described
in Sect. 1, if the location (x,, y,,,z,,) of an initiator is un-
known, it can be identified by solving a three-way simul-
taneous quadratic equation from the coordinates of three
known responders. The simultaneous equation for lateration
is as follows:

b=\ -2+ -y + G- @)

where, i = 1,2,---,n (n is the number of responders),
(xp, yp,zp) is the initiator’s position, (x;,y;,z;) is the i-th
responder’s position, and d; is the distance between the ini-
tiator and the i-th responder. The value of d; is determined
using the Wi-Fi RTT ranging method described in Sect. 2.1.
The simultaneous equation is generally solved using least-
squares methods, which employ the following calculation
procedure:

Step-1 Set an appropriate initial value (xo,yo,z0) to the
initiator coordinate (x,, yp,zp), Which is an unknown
number.

Step-2 Obtain AR; using the value of d; and the initial ini-
tiator coordinate values (xo, yo, zo) set in Step-1.

AR; = d; — p;, 3)

where,

pi= 0= 0P+ (i = g0l + (i - 0 (4)

Step-3 The unknown matrix A given by

—(z1 = 20)/p1
—(22 = 20)/ P2

—(y1 — yo)/ p1
—(y2 = yo)/ p2

—(x1 = x0)/p1
—(x2 = x0)/p2
A_

o = 50)/on ~(Un = y)Pn  ~(n — 20)/ P
5)

is calculated from the matrix AR = (AR|,ARy,---,
AR,)" obtained from Eq.(3) and the matrix AX =
(Ax,Ay,Az)" of the initiator coordinate modification
values, where,

AR = AAX + &, (6)

and e=(g1,&2, - ,&n)" is the error component.
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Step-4 Find AX given by
AX = (ATA)'ATAR, (7)

where the calculation is performed such that the error
€ in Eq. (6) is minimized.

Step-5 Determine whether the elements (Ax, Ay, Az) of AX
calculated by Eq.(7) are sufficiently small. If suffi-
ciently small, output (xo, yo,Zz0) as the solution. If not,
add (Ax, Ay, Az) to (xo, yo, 20) and return to Step-2.

Various researchers [14]-[16] have evaluated the posi-
tioning performance using Wi-Fi RTT ranging in real en-
vironments. Unuma et al. [17] showed that positioning
performance based on Wi-Fi RTT ranging equal to or su-
perior to that of the conventional fingerprint algorithm can
be obtained with a reduced number of APs. Si et al. [18]
proposed a positioning method with line-of-sight/non-line-
of-sight identification to enhance the positioning accuracy.
Yu et al. [19] proposed a calibration, filtering, and modeling
algorithm that can effectively reduce the ranging error caused
by clock deviation, non-line-of-sight, and multipath propa-
gation. Ma et al. [20] proposed a systematic bias removal
process for improving the ranging accuracy, and proposed
a positioning method based on clustering-based lateration
with the generation of weighted concentric circles. Other
research aimed to improve the positioning performance by
using machine learning [21]-[24] or by combining Wi-Fi
RTT-based positioning methods with other methods such as
map information [25], [26], RSS-based ranging [27], sen-
sors [28]-[32], radio detection and ranging (RADAR) [33],
and radio fusion (ultra-wideband and cellular) [34]. These
previous research studies on Wi-Fi RTT-based positioning
methods assume that the locations of the APs are known in
advance. In other words, it is necessary to precisely mea-
sure the AP installation locations in advance and to either
construct a database of these locations or register the infor-
mation within each AP. On the other hand, Choi et al. [35]
developed an unsupervised learning technique to obtain the
coordinates of unknown APs that coexist with anchor APs.
Although it is possible to reduce the number of AP loca-
tions that need to be pre-registered, the locations of anchor
APs must be measured precisely in advance, as in previous
research [14]-[34]. In this study, a local coordinate sys-
tem is used to realize Wi-Fi RTT lateration without prior
measurement of the locations of APs.

2.3 FTM-Related Field Format

Figure 2 shows the field format related to the FTM used in
Wi-Fi RTT. The location configuration information (LCI)
field is formatted as shown in Fig.2(a). This structure and
the information fields are based on the LCI format described
in the Request for Comments (RFC) 6225" by the Internet
Engineering Task Force (IETF). The interpretation of the
altitude value depends on the value of the Altitude Type

Thttps ://datatracker.ietf.org/doc/html/rfc6225
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Latitude 8 Longitude o Altitude Altitude
Uncertainty Catitdc Uncertainty Longitude Type Uncertainty
Bits: 6 34 6 34 4 6
. RegLoc RegLoc Dependent o
Altitude Datum Agreement DSE STA Version
Bits: 30 3 1 1 1 2
(a) LCI field format
LCI Location Civic .
FTM
. Public . Measurement | Measurement
Category . Trigger Parameters
Action Request Request (optional)
(optional) (optional) P
Octets: 1 1 1 variable variable variable
(b) FTM Request field format
. . Follow Up | | 1
. Public Dialog .
Category Action Token Dialog | TOD 1 TOA 1
Token 1 | 1
Octets: 1 1 1 1 6 6
LCI Report Location FIM - g broni ation
TOD Error TOA Error ~ePol Civic Report Parameters ynehronizatio
(optional) (optional) (optional) Information
P P (optional)
Octets: 2 2 variable variable variable variable
(c) FTM field format

Fig.2 FTM-related field format.

(AType). If AType=1, the altitude is measured in meters,
in relation to the zero set by the vertical datum. The format
of the FTM Request field is shown in Fig.2(b). This field
contains an LCI Measurement Request field; however, the in-
clusion of this field is optional. If present, the field indicates
a request for a Measurement Report element. The format of
the FTM field is shown in Fig.2(c). The time of departure
(TOD) and the time of arrival (TOA) fields for calculating the
round-trip time are expressed in units of picoseconds, that is,
the theoretical ranging resolution is 0.3 mm. However, the
realistic measurement accuracy is in the nanosecond to sub-
nanosecond range (e.g., [36]), that is, the ranging resolution
is 30 to 3 cm range. The inclusion of the LCI Report field is
optional. If present, the field contains the LCI Report field
formatted as shown in Fig.2(a). Thus, the LCI report can
be used to send the AP installation location to smartphones.
The advantage of this report is that it eliminates the need to
pre-construct DBs with the required positioning information,
which was essential for conventional Wi-Fi-based position-
ing. The algorithm proposed in this paper for estimating
the AP installation locations uses a local coordinate system
to send these locations in the form of the LCI report. The
proposed algorithm uses the locations in the LCI report in
conjunction with Wi-Fi RTT lateration for positioning. In
addition, we evaluate its performance by conducting rang-
ing and positioning experiments in real indoor environments
using Wi-Fi RTT lateration.

3. Algorithm for Estimating the AP Installation Loca-
tion

In this section, we propose the algorithm for estimating the
AP installation locations using Wi-Fi RTT to realize the
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positioning system. This approach obviates the need to pre-
construct a database and to precisely measure the AP loca-
tions in advance. The proposed algorithm is based on the
following precondition and assumption.

* Wi-Fi APs are usually installed in the same location for
an extended period of time.

* To determine the smartphone position using the later-
ation algorithm, four or more APs are installed in the
environment (henceforth, the number of APs installed
is denoted by n).

e All the APs are based on IEEE 802.11-2016 [11] and
include the ability to send an FTM message and LCI
report.

e All the APs can measure the distance between each
other by Wi-Fi RTT. This functionality is included in
IEEE 802.11-2016 [11].

* Wi-Fi RTT ranging results include a certain degree of
bias error, but are extremely stable (e.g., [13]), and the
bias error can be removed systematically (e.g., [20]).

¢ The rough location of all APs is known because the APs
must be activated in sequence.

* APs are activated one at a time, in the specified order.

* Thelocal coordinate system used for APs uses x—, y—, z-
coordinates, and all the APs are set at x >0, y >0, and
z220.

* The coordinate system in real space, e.g., the space in
which people move, uses X—,Y —, Z-coordinates.

Figure 3 shows the basic principle of the proposed algorithm,
which has the following operating procedure:

Step-1 Activate the first AP as AP;, and set AP; as the
origin of the local coordinate system (i.e., AP(0,0,0)).

Step-2 Activate the second AP as AP,, and measure the
distance (dz,1) from AP, to AP, by Wi-Fi RTT ranging.
The x-axis of the local coordinate system is set to pass
through APy and AP,, and the x-coordinate (x;) of AP,
is set to d» 1. Note that the y- and z-coordinates of AP,
are set to zero. Thus, AP»(x;,0,0) is obtained. Here,
Xy = dg,l .

Step-3 Activate the third AP as APz, and measure the dis-
tances (d3,1 and d3 2) from AP3 to AP, and AP, by Wi-
Fi RTT ranging, respectively. The coordinates of AP3

z

AP, (0,0,0)
AP4 (x4s Yas 24)

AP; (x5, y5, 0)

AP, (x,, 0, 0)

Sios
X

Fig.3  Coordinates of the APs used by the algorithm for estimating the
AP installation locations.
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are calculated by the lateration algorithm, that described
in Sect. 2.2, using the AP coordinates (AP;(0,0,0) and
AP3(x2,0,0)) and the measured distances (d3; and
d3). Here, the y-axis of the local coordinate sys-
tem is set as the three activated APs (AP; ~ AP3) form
aplane Sy»3. Thus, the coordinates of AP3(x3, y3,0) are
obtained. Here, x3 >0 and y3 > 0.

Step-4 In this algorithm, all the APs are set at x >0, y >0,
and z > 0. Therefore, the coordinate system (right-
handed or left-handed) is determined by the order in
which the APs are activated. In other words, the posi-
tive direction of the z-axis is determined by the fourth
AP. Then, activate the fourth AP as AP,4, and measure
the distances (ds,1, da 2, and d4 3) from AP, to the other
activated APs by Wi-Fi RTT ranging, respectively. The
coordinates of AP, are calculated by the lateration al-
gorithm. Here, the z-axis of the local coordinate system
is set perpendicular to the plane Sj>3 and such that it
passes through the origin. Thus, the coordinates of
AP4(x4, y4,24) are obtained. Here, x4 >0, y4 >0, and
4> 0.

Step-5 If five or more APs exist, activate the next AP as
APy (5 <k <n), and calculate the coordinates of AP
using the lateration algorithm described in Sect. 2.2, the
AP coordinates (AP{(0,0,0) ~ APx—1(Xk—1, Yk—1,Zk~1)s
where y, = 7o = zz3 = 0), and the measured distances
(dk.1~di k1) Repeat this procedure for the remaining
number of APs.

This algorithm constructs a local coordinate system
with the first four APs (AP; ~ AP4) that are activated in
turn. Therefore, the coordinate systems in real space (i.e.,
X,Y,Z axes) and the local coordinate system of the AP (i.e.,
X, Y,z axes) may not correspond to each other as shown in
Fig. 4(a). The two coordinate systems do not have to coin-
cide to be used in positioning systems. However, should it
be more intuitive to use the same coordinate systems (espe-
cially the same horizontal plane), e.g., in navigation systems,
the XY — and xy—planes can be easily set to be parallel by
requiring the height of the first three APs to be activated to
be the same, as in Fig. 4(b). In this case, only the heights of
the AP need to be the same, e.g., setting on a ceiling, and the
specific values are arbitrary. Thus, a positioning system can

hy hy(#h)

X/
(a) First three APs installed at
different heights

(b) First three APs installed at
the same heights

Fig.4 AP installation heights and coordinate planes used by the algo-
rithm for estimating the AP installation locations.
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be realized without prior database construction or precise
measurements of AP installation locations.

4. Experiment for Performance Evaluation
4.1 Overview

Experiments were conducted to evaluate the positioning per-
formance of the proposed algorithm in real indoor environ-
ments to confirm its effectiveness. In these experiments,
the performance in terms of estimating the AP installation
location and position of the smartphone was evaluated by
specifying fixed horizontal coordinates for the AP installa-
tion location. These coordinates were used to evaluate the
influence of the height at which the APs were installed and
the order in which the APs were activated (which affects the
settings of the coordinate system) on the positioning per-
formance of the algorithm. The experimental environment
consists of two rooms of different sizes, as shown in Fig. 5.
The first room is a small seminar room (7.2 X 5.5 m with
a seating capacity of approximately 30 persons), and the
second room is a large lecture room (14.7x9.3 m with a
seating capacity of 154 persons). We used the Google Pixel
3 smartphone as the testbed and the Compulab fitlet2 FTM
Responder device' as the AP in this experiment. The smart-
phone was mounted on a tripod at a fixed height of 1.2 m
above the floor to simulate use by a standing human. The APs
were set to the 5-GHz band at 40-MHz bandwidth (38 or 46
ch). These settings previously delivered the best positioning
performance [12] and ensured that the channels in the exper-
imental environments were less crowded. In this evaluation
experiment, we used six APs that were placed according to
the following criteria. One AP was placed at each of the
four corners of the room, i.e., at P,, Py, P, and P4 in Fig. 5.
The other two APs were placed at the center of gravity of
AP,PLP. and AP,P Py, respectively, i.e., P. and P¢ in Fig. 5.
The patterns that were used to evaluate the height at which
the AP was installed and the order in which APs were acti-
vated are listed in Table 1. Two AP installation heights were
used: high (2.495 m; [H]) and low (2.000 m; [L]). Our previ-
ous research [37] showed that the ranging performance was
worse for APs installed at lower heights. Thus, we evaluate
different combinations of AP installation heights to confirm
that the proposed method is effective regardless of the AP in-
stallation height. “HH” means that all APs were installed at
the higher position. “HL” means that one AP was installed at
the lower position and all others were installed at the higher
position. “L” means that four APs, which affect the coordi-
nate system settings, were installed at the lower position and
all others were installed at the higher position. The order in
which the APs were activated was varied by using four dif-
ferent sequences that delivered relatively high performance
in the numerical simulation prior to the experiment. These
APs were under the line-of-sight (LoS) condition with each
other in all experimental patterns. The bias error in ranging

Thttps :/Mit-iot.com/web/products/wild/
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(b) Large lecture room

Fig.5 Experimental environment (unit: meter).

Table 1  Evaluation patterns.
APy AP, AP3 APy APs APg

HH_abe | Po[H] Pp[H] Pe[H] Po[H] Pg[H] Pf[H]

HH_abf | Po[H] Pp[H] Pf[H] Pg[H] P[H] Pc[H]

HH_ace | Po[H] Pc[H| Pe[H| Py[H|] Pg[H] Pe[H]

HH_acf | Pu[H] Pc[H] Pi[H] Py[H] Pe[H] Py[H]

HL abe | Pu[H] Po[H] Pe[H] Pc[H] Pg[L] PeH]

HL_abf | Po[H] Pp[H] Pf[H] Pg[L] Pe[H] Pc[H]
]

HL ace | Py[H] PcJH] P[H] Py[H] PyL] P[H]
HL acf | Po[H] Pc[H] Pe[H] Py[L] Pe[H] Pp[H]
L_abe Po[L]  Pu[L]  Pc[L] Pg[L] Pe[H]  P¢[H]
L_abd Po[L]  Po[L]  Pg[L] Pc[L] Pe[H] P¢[H]
L_acb Po[L]  Pc[L]  Py[L] Pg[L] Pe[H] P¢[H]
L_acd Po[L] Pc[L] Pg[L] Py[L] Pe[H] P¢[H]

“[]” signifies the AP installation height, i.e., [H] is 2.495m and [L] is
2.000 m.

between APs and between APs and smartphones was 0.22 m
(mean value under the LoS environment) and 0.38 m (mean
value under both of the LoS and non-LoS (NLoS) environ-
ments), respectively, in our prior ranging experiments using
the same devices. Therefore, in the experiment in this paper,
the bias error in ranging was removed by setting the results
of ranging between APs to —0.22 m and between APs and
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Table 2  Number of evaluations in each experimental environment.
Number of evaluating directions
4 2 N¢
Small seminar room | #1~#12 — 48
Large lecture room #1~#8 #9~#18 52

smartphones to —0.38 m.

To estimate the location at which APs were installed,
Wi-Fi RTT was used to measure the distances between APs
1200 times™ for each pair. The position of the smartphone
was estimated by performing Wi-Fi RTT ranging at each
evaluation position in Fig.5. At each of these positions,
the experimenter took 65 measurements in each of four or
two directions. Because the large lecture room contains
fixed tables, the measurements were taken in two directions
in line with the aisles. The reason for measuring in four
or two directions was to include the presence or absence
of radio wave shielding by the smartphone user (i.e., the
measurer in the experiment). The measurer stood in front of
the smartphone and in a place where he/she could operate
the screen. In other words, the radio waves from the AP
in the direction behind the measurer were measured under
NLoS, and those from the other APs were measured under
LoS conditions. Table 2 provides the number of evaluations
in each experimental environment.

The evaluation indexes of the estimation of the AP in-
stallation location are the mean error e, the standard deviation
(S.D.) of error o, and the mean distance error e4. Let p;;
denote the i-th estimated result of the j-th AP installation
location. The mean value of the estimated locations of the
Jj-th AP (p;) is expressed by the following equation.

1"
pj = N ;pij’ ()

where N,,, is the number of measurements for each AP (V,,, =
1200 in this study). Then, the evaluation indexes (e, o,
and e;) for the entire evaluation area with the number of
evaluations (including evaluation points and directions) N,
are obtained from the following equations.

N,
_ | S
e =5 27 =P ©
j=1
] NE Nﬂl
o= (pij — D7) (10)
Nezvm;; i =P
1 N(’ N)n
%= v ;;mg—m, (11)

where P; are the true-value coordinates of the j-th AP and

TMeasurements were conducted for 20 min in increments of
1's. The reasons for the 20-minute duration are as follows. Wi-Fi
APs usually remain installed in the same location for a long time.
Furthermore, our prior experiments confirmed that the cumulative
error of Wi-Fi RTT ranging in a LoS environment converges in
approximately 1000 seconds.

IEICE TRANS. FUNDAMENTALS, VOL.E106-A, NO.5 MAY 2023

the values of N, are provided in Table 2.

The indexes used to evaluate the estimation of the smart-
phone position are the horizontal distance error ey 4 and the
positioning result acquisition rate. The horizontal distance
error ey is calculated by

end = A(p =312 + (g — )2 (12)

where (xp,y,) is the estimated smartphone position and
(x4, yy) is the true position. In this experiment, we obtained
the true position (x;,y;) using a tape measure set on the
floor in the rooms. The acquisition rate of the positioning
result is the number of times the positioning result was cal-
culated, i.e., the convergence of Eq. (7) to the solution, out
of the total number of measurements. The total number of
measurements was 3,120%T in the small seminar room and
3,380 in the large lecture room.

4.2  Results of AP Installation Location Estimation

Table 3 presents the results of the estimation of the AP
installation location. Focusing on the mean distance er-
ror, the x— and y—coordinates improved by approximately
1 m, whereas the z—coordinate declined slightly by approx-
imately 2~3 m for most evaluation patterns. In addition, for
“HH(HL)_abe” both the mean error and mean distance er-
ror of the z-coordinate were larger than those of the other
experiments. On the other hand, there was no significant dif-
ference in AP installation location estimation performance
by AP installation height. The reasons are discussed in the
next section on the basis of the results obtained for the esti-
mation of the smartphone position.

4.3 Results of Smartphone Position Estimation

Figure 6 shows the cumulative probability of horizontal dis-
tance errors and Table 4 lists the mean errors in the horizon-
tal distance and the acquisition rate of the positioning result.
For the purpose of comparison, the results based on the true
value of the AP installation location obtained in the previous
study are included in the figure and table and denoted as
“Manual.”

As shown in Fig. 6(a), (b), (d), and (e), the performance
of “HH(HL)_abe” was generally low. The tendency is the
same as in Table 3. As shown in Fig. 6(d), (e), and (f), the
performance in the large lecture room was lower than that
in the small seminar room, but the performance in the large
lecture room was similar or very close to that of “Manual,”
except for “HH(HL)_abe.” The worst performing evaluation
pattern, “HH(HL)_abe,” uses APs located at two positions
(P and P.) close to P, for constructing the coordinate system,
whereas the other patterns use APs located far from P,,
i.e., P and Pr. As shown in Fig.6(a), (b), and (c), the
performance in the small seminar room was clearly higher

7765 measurements per time and 48 evaluations.
1765 measurements per time and 52 evaluations.
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Table 3  Results of the estimation of the AP installation location.
Experimental ~ Evaluation ‘e (Mean error) [m] o (S.D. of error) [m] e4 (Mean distance error) [m]
environment  pattern x y z x y z x y z Vx2 + y? + 72
Small HH_abe 205 -293 544 | 1.16 3.62 1.82 | 205 3.64 5.44 6.86
seminar HH_abf 207 -0.74 3.61 1.11 1.21 1.16 | 2.07 1.21 3.61 4.33
room HH_ace .12 -1.48 504 | 1.07 3.51 1.69 | 1.16 324 5.04 6.10
HH_acf 1.11 134 -1.22 | 1.01 0.64 264 | 1.14 134 3.20 3.65
HL_abe 2.08 -0.92 421 1.12 1.82 1.52 | 2.08 1.64 421 4.97
HL_abf 2.04 -0.67 3.89 | 1.03 1.50 1.38 | 204 142 3.89 4.62
HL_ace 1.16 0.47 3.64 | 1.05 1.27 229 | 1.20 129 3.64 4.04
HL_acf 1.16 0.48 375 | 074 195 0.83 | 1.16  2.11 3.75 4.46
L_abc 0.50 -0.02 1.25 | 098 0.63 2.08 | 1.07 0.60 242 2.71
L_abd 0.50 -0.04 1.35 | 098 1.22 1.67 | 1.07 1.18 2.26 2.77
L_acb 0.55 -0.33 1.25 | 0.79 137 208 | 0.78 1.15 242 2.79
L_acd 0.55 -1.03 296 | 0.79 1.37 1.53 | 0.78 1.67 2.96 3.49
Large HH_abe -0.02 -4.64 13.53 | 1.14 5.13 270 | 1.09 596 13.53 14.83
lecture HH_abf -0.18 1.20 4.60 | 098 0.80 1.25 | 0.87 135 4.60 4.87
room HH_ace 0.07 0.23 544 | 220 3.48 290 | 1.71 3.21 5.44 6.54
HH_acf 0.31 1.82 2.82 | 200 1.66 1.86 | 1.76 1.84 2.82 3.80
HL_abe -0.20 -5.06 12.85 | 1.37 5.18 273 | 1.26 638 12.85 14.40
HL_abf 0.41 -0.06 7.09 | 1.20 194 2.01 .11 1.79 7.09 7.39
HL_ace -0.28 -0.19 5.19 | 222 346 302 | 1.79 3.08 5.19 6.30
HL_acf 0.64 -0.79 6.91 1.53  3.20 1.14 | 1.50 3.10 6.91 7.72
L_abc -0.78 0.64 4.21 1.05  0.92 1.80 | 1.09 1.02 4.21 4.46
L_abd -0.37 0.69 4.11 | 091 0.87 1.75 | 0.85 097 4.11 431
L_acb 0.20 -0.28 4.21 1.03 0.85 1.80 | 093 0.80 4.21 4.38
L_acd 0.46 -0.32 425 | 0.84 0.63 1.73 | 0.70 0.61 4.25 4.35
10 —— 10 —— i 10 ———
K .-O. .‘J
z 08 s 208 t g zos 4
S 06 | S o HH_abe S 06 | $ o- HL_abe <06 @ o~ L_abc
= HH_abf = HL_abf & 7 L_abd
% 04 r o HH_ace E: 04 r o"; HL_ace % 04 r L_acb
E HH_acf E HL acf E 5 L acd
3 02 f O HH_Manual S0z r .__,”: HL_Manual S 02 & L_Manual
Y e o0 EX L . L L L 0.0 e A S
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Horizontal distance error [m] Horizontal distance error [m] Horizontal distance error [m]
(a) HH in small seminar room (b) HL in small seminar room (¢) L in small seminar room
1.0 O__.ov'o"“’"“"“"' y 1.0 - #Ovo-'vo“'“"“”“ % 1.0 . -
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B o ) © 5 ]
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Horizontal distance error [m]

(d) HH in large lecture room

Fig. 6

than that in the large lecture room, but the height at which
the AP was installed and the order in which the APs were
activated had an influence on the positioning results.

In Table 4, the acquisition rates of the positioning re-
sults in the small seminar room were low (30~70%), but
those in the large lecture room were at least 70%, regardless
of the evaluation pattern. Given the true value of the AP
installation location (i.e., the value denoted “Manual”), the
acquisition rate is approximately 80% in the large lecture

6 8 10 12 14 16 18 20
Horizontal distance error [m]

(e) HL in large lecture room

6 8 10 12 14
Horizontal distance error [m]

16 18 20

(f) L in large lecture room

Results of estimating the smartphone position.

room, whereas it is approximately 50% in the small seminar
room, suggesting that the rate depends on the environment
(e.g., multipath). One of the reasons for the lower acqui-
sition rates of the positioning result may be that the mean
distance error between the AP and the smartphone became
smaller, which prevented the intersection in the lateration,
which did not allow the solution to converge in Eq. (7). In
addition, there was no significant difference in smartphone
position estimation performance by AP installation height.
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Table4  Results of estimating the smartphone position.
Mean error of Positioning result
hor. dist. [m] acquisition rate [%o]
Small HH_abe 3.57 55.8
seminar ~ HH_abf 2.92 324
room HH_ace 2.90 56.2
HH_acf 2.65 37.3
HH_Manual 1.23 50.4
HL_abe 3.59 43.8
HL_abf 3.10 48.6
HL_ace 2.25 43.8
HL_acf 2.29 64.0
HL_Manual 1.48 514
L_abc 1.72 68.6
L_abd 1.90 68.6
L_acb 1.65 68.8
L_acd 2.27 68.8
L_Manual 1.52 50.1
Large HH_abe 7.15 84.4
lecture HH_abf 3.16 88.6
room HH_ace 3.59 84.5
HH_acf 3.37 71.1
HH_Manual 3.21 82.9
HL_abe 7.09 84.0
HL_abf 3.81 91.0
HL_ace 3.95 84.1
HL_acf 4.11 83.0
HL_Manual 3.36 85.4
L_abc 4.09 87.0
L_abd 4.02 86.7
L_acb 3.96 87.0
L_acd 3.75 86.8
L_Manual 3.54 78.2

In this experiment, the order of AP activation, which affects
the coordinate axis settings, was also changed, which may
have had a significant impact.

Wi-Fi RTT ranging accuracy is affected by the fol-
lowing: (1) propagation environment, (2) accuracy of AP
and STA timestamps, (3) radio wave interference with de-
vices using the same frequency band (e.g., radar systems),
and (4) channel bandwidth. (1) The propagation environ-
ment (especially, LoS or NLoS) affects ranging performance
(e.g., [12], [18], [19], [24], [29], [30], [32]). We conducted
a prior experiment to calibrate the ranging offset between
APs and between APs and smartphones. However, the bias
error of the ranging results cannot be completely reduced to
zero because it is not possible to determine LoS and NLoS
only by the information of the received radio waves. (2)
The accuracy of the timestamp affects ranging performance
(e.g., [27]). The ranging offset was removed by the calibra-
tion in a prior experiment, however the ranging error caused
by the variance of the timestamp could not be completely
eliminated. By the way, since the mean of ranging errors
caused by timestamps is reduced to almost zero by the prior
calibration, these influences can be reduced by using the
results of multiple measurements. (3) The least crowded
channels (38 and 46 ch) in the experimental environments
were used in the experiments. These channels are in the
W52 band (5.15-5.25 GHz) and have no interference from
other radio-wave systems such as radar systems. In addition,
there were no Wi-Fi communication devices in and around
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the experimental environments during the experiment. (4)
The actual ranging accuracy depends on the channel band-
width (e.g., [12], [19], [20], [31], [32]). In addition, the
official document from Android gives a statement [38] about
the ranging accuracy in different channel bandwidths as: “a
range estimate is expected to have the following tolerances:
80MHz: 2 meters, 40 MHz: 4 meters, 20 MHz: 8 meters.”
If we can use the APs supporting the 80-MHz bandwidth,
the positioning performance will be improved.

The primary application of the proposed method is in-
door pedestrian LBS (e.g., navigation) using smartphones.
Compared to the performance in “Manual,” which was given
manually by precisely measuring the AP installation loca-
tion, the performance degradation was at most 1.69 m, except
for “HH(HL)_abe.” The performance deterioration at most
1.69 m is approximately two steps in terms of an adult’s stride
length. Considering pedestrian navigation in an indoor en-
vironment, even if the positioning result deviates by approx-
imately two steps, there is little hindrance to movement. In
other words, the Wi-Fi RTT lateration delivered high smart-
phone positioning performance without a pre-constructed
database or precise AP location measurement. Nonetheless,
it would be necessary to consider the combination of room
sizes, heights at which APs are installed, and order in which
APs are activated.

5. Conclusion

This paper proposed an algorithm for estimating the loca-
tion of APs and evaluated the performance of this algorithm
through experiments in real indoor environments. The pro-
posed method enabled Wi-Fi RTT lateration to be realized
without pre-constructing a database and without requiring
precise measurements of AP installation locations. The pro-
posed algorithm constructs a local coordinate system with
the first four APs that are activated in turn, and estimates
the AP installation location using Wi-Fi RTT lateration and
the ranging results between APs. To confirm the effective-
ness of the proposed algorithm, experiments were conducted
to evaluate the positioning performance in real indoor envi-
ronments. The experimental environment consisted of two
rooms of different sizes. Wi-Fi RTT lateration delivered
outstanding smartphone positioning performance without a
pre-constructed database or precise AP location measure-
ments.

Future plans include developing APs that fully support
inter-AP ranging and the LCI report, and establishing an au-
tomatic method to correct inter-AP ranging errors. The aim
is to use the proposed algorithm to estimate the flight posi-
tion of unmanned aerial vehicles in fields with steep slopes
and other complex terrains, where accurate and precise po-
sitioning is difficult.
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