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Abstract—This paper deals with the localization of passive
stationary objects from the received radio-frequency (RF)
signals in 3-dimensional (3D) indoor environments. Each object
located in the 3D indoor environment is modelled by a single
point scatterer. The propagation space is equipped with a
multiple-input multiple-output (MIMO) wireless communica-
tion system. The employed channel model is flexible and
allows to have a line-of-sight (LOS) component as well as
single- and double-bounce scattering components. Here, we
present a new accurate iterative estimation technique for
computing the optimal coordinates as well as the number of
the main stationary objects (scatterers) in indoor areas. The
proposed approach aims at matching the frequency correlation
function (FCF) of the transfer function (TF) of the received
RF signals to the FCF of the channel model. This iterative
procedure is based on numerical optimization techniques to
estimate the number and coordinates of the scatterers and the
channel parameters by minimizing the Euclidean norm of the
fitting error. Numerical results are presented to confirm the
accuracy of the proposed estimation procedure by comparing
the estimated positions as well as the resulting FCF with
the corresponding exact quantities, known from generated RF
signals.

Index Terms—Object localization, iterative estimation tech-
nique, stationary channels, indoor environments, RF signals,
multiple-input multiple-output systems.

I. INTRODUCTION

In recent years, precise object localization has attracted
much attention due to its wide range of applications [1]-[4].
In the case of outdoor localization, several popular and suc-
cessful positioning systems have been developed, e.g., global
positioning system (GPS), Galileo, Glonass, and BeiDou
[5]. Since indoor channels are subject to attenuation, rich
scattering, and multipath propagation, these technologies
cannot be applied to indoor areas. Therefore, there has been
great interest in investigating wireless indoor localization
techniques [1], [4], [6], [7].

Indoor localization approaches can be classified according
to the techniques they employ: ultra-wideband (UWB),
infra-red, ultra-sound, Wi-Fi, wireless sensor networks, and
vision (image) processing [4], [7]. For the special case
of Wi-Fi technology, and due to their widespread indoor
deployment, several Wi-Fi-based localization methods have
been proposed. Among these methods, one can find the
propagation model (PM)-based approaches, the time of
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arrival (TOA)-based methods, the time difference of arrival
(TDOA)-based techniques, the angle of arrival (AOA)-based
methods, and the fingerprinting-based algorithms [4], [7]-
[11]. With the increasing presence of cameras (both single
cameras as well as camera networks) in people’s every-
day lives, heterogeneous designs of radio-frequency (RF)
positioning techniques with image processing were also
reported, e.g., [12]. From the aforementioned references,
it can be concluded that the existing RF-based position-
ing methods have two major disadvantages. First, these
techniques are technology-dependent, which means that the
localization method must be adapted to the requirements
of the considered technology. Secondly, their performance
is strongly influenced by the presence of the line-of-sight
(LOS) component and the rich scattering conditions result-
ing from stationary objects such as walls, floors, decoration
objects, and furniture. The purpose of this paper is to con-
tribute to the topic of the localization of passive stationary
objects in indoor environments while taking into account the
LOS, single-bounce scattering, and double-bounce scattering
components.

Several iterative channel estimation techniques have
been reported [13]-[17] for the parametrization of channel
models. The estimation of signal parameters via rotational
invariance techniques (ESPRIT) is a very popular AOA
estimation method [16], [17]. Maximum-likelihood-based
algorithms, such as the expectation maximization [15] and
the space alternating generalized expectation maximization
(SAGE) [18], [19] algorithms have also been proven to
be reliable estimation technique to compute the parameters
of measurement-based channel simulation models. Later,
the iterative non-linear least square approximation (INLSA)
algorithm was introduced in the context of the design of
measurement-based wideband channel simulators [20], [21].
As can be seen from [21] and [22], the INLSA algorithm has
been applied to both the time-frequency correlation function
and time-variant impulse response to simultaneously deter-
mine the path gains, Doppler frequencies, and path delays.
Unfortunately, the output quantities of the aforementioned
methods do not provide any information on the positions of
the scatterers.

To fill the gaps of the aforementioned techniques, we fur-



ther extend the INLSA method to estimate the positions of
passive stationary objects which are modelled by stationary
point scatterers from the received RF signals in 3D indoor
environments. To do so, we start by introducing a new 3D
multiple-input multiple-output (MIMO) channel simulation
model that includes the presence of LOS components and
considers both single-bounce and double-bounce scattering
components. Then, the proposed iterative approach aims at
matching the frequency correlation function (FCF) of the
transfer function (TF) of the received RF signals as close as
possible to the FCF of the channel simulation model. The
positions of the scatterers are obtained through numerical
optimization by minimizing the Euclidean norm of the
fitting error. We take into account that the path gains and
path delays depend on the coordinates of the scatterers. In
addition, this positioning algorithm allows a more accurate
knowledge of indoor environments by providing information
on the number and positions of the main stationary objects
contributing to the multipath propagation phenomenon. The
accuracy of the proposed estimation technique has been
verified by comparing the obtained estimated parameters
of interest, i.e., positions of the stationary scatterers, with
those of the known RF test signals generated by means of
computer simulations.

The remainder of this paper is organized as follows.
Section II describes the indoor scenarios investigated. In
Section III, we introduce the 3D channel model and its key
features. The proposed iterative estimation method is the
subject of Section III. Section IV presents some numerical
examples and results. Finally, the conclusion is drawn in
Section V.

II. SCENARIO DESCRIPTION

In this section, we describe the investigated indoor prop-
agation scenario. As shown in Fig. 1, we consider a typical
example of a room with length A, width B, and height
H. The indoor space is equipped with a MIMO commu-
nication system. The transmitter T'x and the receiver Rx
are equipped with uniform linear antenna arrays consisting
of Ny and Np equi-spaced antenna elements A7 and AJ
(j = 1,2,...,Nr and ¢ = 1,2,...,Ng), respectively.
There are several passive stationary objects in the indoor
area, such as walls, furniture, and decoration items.

For simplicity, the propagation phenomenon taking place
in the indoor environments is modelled by means of the
3D geometrical channel model depicted in Fig. 2. As can
be seen from Fig. 2, the centre Op of the transmitter T'x
is assumed to be located at the centre of the reference
mark, which may differ from the centre O of the room. The
centre O of the receiver Rx is located at the coordinates
(zft, ylt, 2{Y). The distance Dy between Op and Op is
Do = [(@f)? + (yf')? + (2{%)?]*/%. The antenna element
spacing of the T’y and the Rx are denoted by dr and dg,
respectively. The parameters o (aff) and o, (o) refer to
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the vertical and horizontal tilt angles of the transmitter 7'x

Fig. 1. A typical room architecture with the MIMO communication system
and the stationary objects, such as walls, furniture etc.

(receiver Rx), respectively. The coordinates (a:f, yJT 2T of
the jth transmit antenna A]T are given by

xT:|:(NT_1)6T_

i 5 (j—l)dT} sin(az)cos(afy) (1)

Yl =— [(NT_QU‘ST —(j— 1)54 sin(al)sin(ag,) ()
and
ZJT: {(NTQUCST —(j- 1)64 cos (al) 3)
respectively. The ith receive antenna A is located at the
position (xft, yf, 2F), where
oft o | LO )t sin ) cos(aF) @
=i I 1)) sin (o) sin (a8 )
and
2F :zé%—i—[(NR_Ql)(SR—(i—l)éR)} cos(aff). (6)

These objects are modelled by N scatterers S,, n =
1,2,..., N, which are represented by the symbol (e) and are
located at the positions (Z,, Yn, 2n), n = 1,2,..., N. As il-
lustrated in Fig. 2, the quantity DT, (Df), j =1,2,...,Nr
(t=1,2,..., NR), represents the distance between the jth
(¢th) transmit (receive) antenna element A]T (AZR) and the
nth stationary scatterer S,, for n = 1,2,..., N. Also, the
symbol D, refers to distance between the fixed scatterers
S, and Sk, forn, k =1,2,..., N and n # k. In the follow-
ing, we will consider single- and double-bounce scattering
as well as the presence of LOS components when modelling
the 3D stationary channel.

III. THE CHANNEL MODEL

In this section, we describe the analytical 3D stationary
channel model that will later be used to estimate the position
of the fixed scatterers in indoor areas. We consider an indoor
environment equipped with an Ny x Np MIMO commu-
nication system. It is assumed that the transmitted signals
travels along a finite number of paths before reaching the



Fig. 2. The 3D geometrical model for an N X Nr MIMO channel with
fixed scatterers.

receive antennas. Based on this assumption and according
to Fig.2, the TF H;;(f’) of the multipath fading channel
between the jth transmit antenna and +th receive antenna can
be split into three parts. The first part H, Z-L]QS( 1) refers to the
LOS component, while the second part H;P(f’) describes
the components resulting from single-bounce scattering, and
the third part H®(f’) comprises the components resulting
from double-bounce scattering. Thus, the TF H;;(f’) can
be written as

Hij (1) H7(f)+ P () D
The LOS part Hi>5(f") of the TF is expressed as

j (Bijo +27f'7]50)) 3

— HEOS(f') +

Hi[}OS(f/) = ¢;j0 €Xp (_

where the path gain ¢;;0 = C’aijoDi_jg and the path delay
Ti’jo = Djjo/co, in which C is a constant, which depends
on the transmit/receive antenna gain, the transmission power
as well as the wavelength [14], [23], v is the exponent path
loss dependent on the propagation environment, and cg is
the speed of light. The parameter ;o is a binary variable
that reflects the presence (equal to 1) or absence (equal to
0) of the LOS component between the jth transmit antenna
AT and ith receive antenna Af*. The symbol ;50 refers to
the phase shift of the LOS component. Here, the quantity
D;jo represents the distance between AT and AP, which
can be expressed as (see Fig. 2)

2 2 211/2
Dz‘jOZ{(%R—%T) +(l -y )+ (5 -2]) } C)
The second part H;P(f') is given by the expression
HP(f ZCW exp (—j (0ijn +2nf'7);,))  (10)
in which the path gain ¢;;,, and path delay T{jn of the nth

stationary scatterer S, are determined by c¢;;, = COziJnD:Jn
and 7/;, = Dijn/co (n = 1,2,...,N), respectively. The

distance D;;, (n = 1,2,...,N) is the total travelling

distance between the jth transmit antenna and ith receive
antenna via the scatterer .S,,, which is given by (see Fig. 2)
2 2 911/2
Dijn=(@n=2T)"+ (n=1])"+ (20— 21)’]
2 2 211/2
@ =an) + (W —pa) "+ (27~ 20)] (1

Finally, the third part Hp®(f') of the TF H;;(f) is ex-
pressed as

N N
HDB Z Z 'Ljnk:exp 92]nk+2ﬂ'f j’ﬂk})) (12)
"z

where 0;jp1 is the phase shift. Here, the path gain c¢;jnx
and path delay 7;.,,, are expressed in terms of the distance
DZ]’nk} as Cijnk = O‘zgnkCD”nk and T, “nk = ZJnk/CO’
respectively. The distance D, is given by the sum of the
distances D/, Dy, and D7, (see Fig. 2), i.e.,
2 2 2)1/2
Dijui= [(wn=a])"+ (yn—y]) + (0 —=])’]
1/2
+ [(xn—xk)2+(yn—yk)2+(zn—zk)2}

1/2
+ [(mf—a:n)2—|— (yiR—yn)2+ (zf—znﬂ . (13)

The parameter o, is a binary constant that describes the
presence (equal to 1) or absence (equal to 0) of the double-
bounce component resulting from the bouncing effect on
the scatterers S,, and Si. In (8), (10), and (12), the phase
shifts ;50, 0;jn, and O;jn (n,k = 1,2,...,N) are mod-
elled by independent random variables, which are uniformly
distributed over the interval [0, 27).

In this work, we consider stationary channels, for which
the positions of the scatterers are fixed and thus, all channel
parameters in (7) are time-independent. Then the FCF

Rij(y/) = E{Hl](fl)Hz*j (f/ + I/)} of the TF Hij(f,) can
be expressed as follows
N
Rij (V/) 7612]Oexp( -727TV 1,]0 +Z Cijn exp( .727”/ z]n)
N N n=1
JrZch kexp —j2m'T ]nk) (14)
n=1k ;:érlz

where E{-} is the statistical averaging operator and (-)*
denotes complex conjugation.

The main purpose of this paper is to propose a new
iterative procedure to estimate the positions of fixed objects
(scatterers) by utilizing the TF in (14). The formulation of
this estimation technique will be the subject of the next
section. In the following, we assume that all parameters
(positions and tilt angles) related to the transmitter 7'x and
the receiver Rx are known.

IV. THE ESTIMATION ALGORITHM

In reality, the TF H ( f4) of the measured channel is com-
puted from a snapshot of the received RF signal at discrete
frequency instances f, = —B/2 + qAf' € [-B/2,B/2],



q=1,2,...,Q, with B being the measured frequency band-
width. The frequency interval A’ is a known characteristic
of the channel sounder employed to collect the measurement
data. Consequently, the FCF of the measured discrete TF can
be represented in the form of a discrete function }A%U(z/;)
(j=1,2,...,Np and i = 1,2,..., Ng). Accordingly, the
TF H(f') of the channel model given in (7) and, thus, the
corresponding FCF R;;(v,) can be derived from (14) by
replacing v’ by v;.

Here, the problem is to determine the positions
(Tn, Yn, zn) of the scatterers S,,, n =1,2,..., N. To do so,
we must determine a set of parameters P = {C, z,,, Yn, zn,
n = 1,2,...,N} by fitting the FCF R;;(v,) of the 3D
indoor channel model as close as possible to the FCF

Rij(l/‘;) of the measured channel, i.e.,
Nt Npgr
P= arg})ninzz Rij(v;) — Rij(v,) (15)
j=11i=1

where || - || denotes the Euclidean norm. To compute the
coordinates of the scatterers S,,, we introduce the objective
function E(P) as

Nr Ngr

-5y &

j=11i=1

2
vy) — Rij(v) ,

(16)

The purpose is to estimate the positions and the number
of scatterers in the propagation space by minimizing the
objective function in (16). To do so, we start by setting

no = N = 1, and for arbitrary chosen values of C'(©), a:ﬁ,?,),
y%%), and z,(l?)), we introduce the error function for the ngth

scatterer at every iteration [ (I =0,1,2,...) as

~ N 2
Yign, V) =iy ()= S (e8] exp (=2 (+1;,)")

n=1
n#ng
N N 2 "
_ Z Z(cij)nk) exp( ]27r1/ ({jnk) ) 17
n=1 k=1
n#ng k#n
The new estimates of C'(+1), xﬁjl) y(l:rl), and z(l+1)

corresponding to the ngth scatterer (propagation path) .Sy,
are obtained from the error function yfjl)no (vy) in (17) as

, ,(LZOH) argmmZZ‘

j=11:i=1

(l+1)

I ’rL()

(I+1)

Y y’rlo

I+1
(0< ) y.

2
—C?joexp( 327w UO) cfjnoexp( j27TVq Z]no) , (18)

where yE?nO
of yf;)no (v,) for increasing values of . Note that the value of
the parameter «;jo is chosen to minimize the relative error
in the objective function in (17).

Now, let us assume fixed values of ngg, ygg , and z(l)
Inserting c;j, = CD », in (18) and then, deriving the right-
hand side of (18) W1th respect to the variable C' yields the

is a column vector containing the stacked values

following exact closed-form expression for the new estimate
of C)

—1
CRA 0 Ve | ARE Lo fy® 17

+1) _ l l l

O3S o) s (X [Refy )

j=li=1 j=1i=1
1
0 0 [

Refs()), | +Im{y”n0} Im{sijno}” (19)

where (-)7 and (-)# are the transpose and Hermitian op-

erators, respectively. The symbol sl(é)no refers to the col-
umn vector containing the stacked values of the function
Di_jg'y exp(—j2mvyT/i0) + D”no exp(—j2rvyT;, ) for in-
creasing values of ¢. The operators Re{-} and Im{-} denote
the real part and imaginary part, respectively.

By substituting (19) in (18), the optimization problem in
(18) reduces to

I+1 I+1 +1)\ _
(xglo )’y7(lo )’ 27(10 )) B%I)' %?ZZ‘

2
.[D;ngexp( J2mv i) — D;ji;’exp( j2mv, 13710)”"(20)
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Then, the new estimates of the coordinates :c(lﬂ), y,(fj 1),
and z(l+ ) of the position of the ngth scatterer S, are

numerically computed by minimizing the right-hand side of
(20). The iterative steps given in (17)—(20) proceed as long
as the relative change in the objective function FE(P) in
(16) is larger than or equal to a predetermined error level
1. When the relative change in E(P) becomes smaller than
the error level 1, the number of scatterers /N is increased
by 1, i.e., N ¢<— N + 1. Then, for arbitrarily chosen initial

values of C'(9), :1753) yg\?), and 25\(,)), using the error function

N-1

yz(_])N( 17 Z( z]n) exp( -7271—1/ (z/jn)( ))
n=1
N—-1N-1 2 0
(7]77k) eXp( 327”/ ( zgnk) ) (21)
n=1 k=1
k#n

allows us to com%)ute the new estimates of the parameters
cU+n), 5\1{+1) s J(\(,)H_l) by following the steps
presented in (18) (20) for no = IN. Here again, the value
of the binary parameter jn,x is chosen to minimize the
relative error in the objective function F(P) in (16). The
estimation method is then repeated until no further progress
can be made by increasing the value of N or a predetermined
maximum number of propagation paths Ny, is reached.
Thus, the output of the proposed algorithm is an estimate
of the number and the positions of the main fixed scatterers
contributing to the multipath propagation phenomenon in the
considered stationary indoor environment.

V. NUMERICAL RESULTS

In this section numerical results are presented to validate
the accuracy and applicability of the proposed iterative pro-
cedure for estimating the positions of stationary objects in



propagation environments modelled here by fixed scatterers.
To do so, one compares the exact locations of the scatterers
with those obtained by applying the proposed localization
technique.

For the performance analysis, we consider a room with
length A = 10m, width B = 5m, and height H = 2.5m.
We assume that the passive stationary objects in the indoor
area are modelled by N = 10 fixed scatterers obtained
from the outcomes of a random generator with uniform
distribution inside the room. The centres O and Op of the
transmitter 7Ty and the receiver Rx are located, with respect
to the centre of the room O, at the positions (—4.5,0,1)
and (3,1,-0.5), respectively. As it is assumed that the
centre O is the centre of the reference, the centre of the
receiver Rx is located at the position (7.5,1,1.5) with
respect to the reference of centre Or (see Fig. 2). The
number of transmit antennas and receive antennas are set to
Np = Ni = 8. The antennas spacings é and g are equal
to 0.1 m. The antennas are located along the y axis, i.e.,
of =aff = —7/2 and o, = off, = /2. The predefined
error level ¢ is set to 0.01. A summary of the simulation
parameters can be found in Table I.

For the numerical results presented in Fig. 3, the co-
ordinates x,, yn, and z, of the nth scatterer S, (n =
1,2,...,N) are chosen randomly. Let X,,, Y,,, and Z,
be random variables which are uniformly distributed over
the intervals [-5,5], [-2.5,2.5], and [-1.25,1.25], respectively.
Then, the quantities x,,, y,, and z, correspond to a realisa-
tion of the random variables X, Y,,, and Z,,, respectively.
We assume there are two multipath components resulting
from double-bounce scattering, in which the scatterers S7,
Ss3, Sy, and S5 are involved. In Fig. 3, we present the
indoor area considered for the validation of the proposed
localization algorithm together with the exact positions of
the stationary scatterers .S, as well as the estimated position
of the scatterers S,,, n = 1,2,..., N. Our numerical results
have shown that the presented iterative procedure results
in an efficient and accurate estimation of the position of
the scatterers, with an accuracy better than 15 cm and an
average (over all scatterers) error of approximately 12.5 cm.

Now, we investigate the effect of the number of fixed
objects (scatterers) in the room on the accuracy of the
proposed positioning algorithm. For this purpose, we present
in Table II the mean error (in cm) of the Euclidean dis-
tance between the exact position of the scatterers and the
corresponding estimates for different values of N, namely
N =5, 10, 15, and 20. For each value of NV, the presented
quantities are computed by averaging over the scatterers and
10 scenarios, where for each scenario, the positions of the
scatterers have been randomly generated. As can be seen
from Table II, the average error increases with increasing
values of V. For all trials, simulations have shown that the
proposed algorithm estimates the correct number of fixed
scatterers with an accuracy of approximately 92%.

Comparison with existing techniques: For comparison
purposes, it is of interest to compare the estimation results
of the proposed algorithm with those obtained by applying

TABLE I
SIMULATION PARAMETERS

Symbol Name Value
A Room length 10m
B Room width Sm
H Room height 2.5m

Nt Number of transmit antennas 8
Ngr Number of receive antennas 8
o1 Transmit antennas spacing 0.1m
OR Receive antennas spacing 0.1m
ol Vertical tilt angle of the T'x -m/2
agy Horizontal tilt angle of the T'x w/2
aff Vertical tilt angle of the Rx -m/2
aacRy Horizontal tilt angle of the Rx /2
N Number of stationary objects 10
c Hardware dependent parameter 1.5
o Propagation environment parameter 2
5 Predefined error level 0.01
o Exact position # Estimated position
® %o i
)

1.25- ~

T-axis

Fig. 3. Estimation results with N = 10 and Np = Np = 8.
other RF-based positioning methods. In fact, this task is
difficult to perform because the techniques developed in
the context of indoor localization of stationary objects, such
as in [4], [7]-[11], assume one or two objects moving at
constant speed. In addition, their performance is strongly
affected by fixed objects (scatterers) in the room. This is in
contrast with our proposed estimation method which aims
to investigate the contributions of the fixed objects in indoor
spaces. Furthermore, channel parameter estimators reported

TABLE 11
EFFECT OF THE NUMBER OF FIXED OBJECTS ON THE PERFORMANCE OF
THE ESTIMATION METHOD

Number of objects N 5 10 15 20
12.01 13.26 | 16.24 | 20.72

Average error (in cm)




in the context of mobile radio communications, such as the
INLSA algorithm [21], [22], cannot be employed. This is
because they assume a mobile transmitter/receiver as well
as a simpler channel model (without taking into account the
effect of the distance travelled on the channel parameters)
and return a set of parameters from which the optimal
coordinates of the scatterers cannot be retrieved. Hence, a
fair comparison with other estimation techniques cannot be
presented.

VI. CONCLUSION

This paper contributes to the localization of passive
stationary objects in 3D indoor environments by proposing
a new, accurate, and reliable positioning algorithm, where
the indoor area is equipped with a MIMO communication
system. First, we have introduced a generic 3D station-
ary channel model that offers the flexibility to have LOS
components and both single- and double-bounce scattering
components. The proposed algorithm estimates the positions
of the fixed scatterers by fitting the FCF of the TF of the
received RF signals as closely as possible to the FCF of the
multipath channel model. The coordinates of the stationary
objects are computed by minimizing the Euclidean norm of
the error function. Together with the fixed scatters’ positions,
this estimation technique allows the determination of the
path gains and path delays, i.e., the parametrization of the
channel model. In addition, it provides information on the
positions as well as the number of the passive stationary
objects in the considered indoor space, which in turn allows
a better understanding of the resulting multipath propagation
phenomenon (rich scattering). The accuracy and validity
of the proposed iterative estimation procedure have been
confirmed by comparing the positions of the scatterers with
their exact positions, known from test RF signals generated
by indoor channel simulations. Future work will focus on
the extension of this algorithm to the localization of active
moving objects or persons in indoor environments with
strong stationary scattering components.
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