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Abstract: The properties of a local positioning system operating in the 2.4 GHz ISM band,
which is capable of supplementing the constellation with local system signals to achieve
high positioning accuracy in a complex interference environment, are investigated. In this
case, global navigation satellite systems (GNSS) signal receivers often also implement
other methods for estimating the position or parameters associated with it: inertial systems,
ultra-wideband systems, radars, etc. In this paper, the study of the properties of a local
positioning system operating in the 2.4 GHz ISM band , capable of supplementing the
constellation with local system signals to achieve high positioning accuracy in difficult
conditions. The emphasis here is on indoor operation of the system when GINSS signals
are unavailable. In addition, there are a large number of reflected signals in the room. The
paper presents a method for describing reflected signals using the Jones vector, as well as the
synthesis of optimal algorithms for estimating signal parameters under complex conditions
for simplified scenarios. With the help of modeling, it is shown that the optimal methods
are poorly applicable to real situations, however, they allow a better understanding of the
physics of processes. Based on this understanding, a signal shaping technique is proposed
to create a large redundancy of measurements in the receiver, as well as an empirical method
for rejecting false measurements. With the help of this method, it has been experimentally
shown that indoors in difficult conditions and in the presence of multipath, it is possible to
achieve the RMS positioning error of less than 10 centimeters.

Keywords: local positioning, navigation, multipath, phase measurements, polarization
processing, OFDM

UDC 621.396.621
For citation: Fedor B. Serkin. Frequency-polarization processing for multipath mitigation in local

positioning systems. RENSTT: Radioelectronics. Nanosystems. Information Technologies, 2023, 15(1):81-94e;
doi: 10.17725/rensit.2023.15.081.

CONTENTS 2.2. USING THE COHERENCE MATRIX
1. INTRODUCTION (82) TO ESTIMATE THE PARAMETERS OF AN

ELECTROMAGNETIC WAVE
2. METHOD FOR DESCRIBING THE POLARIZATION v (86)

OF ELECTROMAGNETIC WAVES, TAKING INTO 3. SYNTHESIS OF OPTIMAL ALGORITHMS FOR
ACCOUNT RE-REFLECTIONS (83) ESTIMATING THE PHASE OF THE CARRIER

FREQUENCY UNDER CONDITIONS OF STRONG
MULTIPATH AND MULTIPLE REFLECTIONS OF
SIGNALS (87)

2.1. REPRESENTATION OF ELECTROMAGNETIC
WAVES BY THE JONES VECTOR (83)

RENSIT | 2023 | Vol. 15 | No. 1



82 FEDOR B. SERKIN

3.1. OPTIMAL ESTIMATION OF THE PHASE OF
THE CARRIER FREQUENCY OF THE SIGNAL IN
THE PRESENCE OF NN RECEIVING CHANNELS
(87)

3.2. OPTIMAL ESTIMATION OF THE PHASE OF
THE CARRIER FREQUENCY OF THE SIGNAL IN THE
PRESENCE OF TWO CORRELATED INTERFERENCE
(90)

3.3. INVESTIGATION OF CHARACTERISTICS OF
SYNTHESIZED PHASE ESTIMATION ALGORITHMS
(91)

4. EMPIRICAL

ALGORITHM (92)

MULTIPATH ELIMINATION

5. CoNcLUSsION (93)
REFERENCES (94)

1. INTRODUCTION

The construction of a combined system [1]
for determining the location and transmitting
information has features inherent in the systems
trom which it is built. The first such feature is the
restriction on the geometric arrangement of base
and mobile stations. Depending on their relative
position (geometric factor), the accuracy of
estimating the coordinates of the mobile station
may deteriorate. In addition, when receiving
signals from multiple base stations, there may be
a situation where the mobile station is close to
one base station and far from another. Then the
receiving device may not have enough dynamic
range to receive both signals, or the level of cross-
correlation of the signals will be too high. From the
foregoing, it follows that for the correct operation
of such a system, the organization of time or
frequency division of channels for transmitting
stations is required. Another feature inherent
in navigation systems is the need to ensure the
synchronous operation of the system elements. To
solve a navigation problem using the difference-
range method, it is necessary that the base station
system be tightly synchronized and have a single
time scale. Thus, the base station system must
have synchronization mechanisms on its signals to
control the time scales. A well-known method for
implementing this task is the classification of base
stations into master and slave. In this case, each
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slave base station monitors the signal of the master
base station, according to which it synchronizes its
time scale.

An analysis of the functional features of the
IEEE 802.11 protocol showed that the main
problem in the implementation of location
determination is the use of multiple access
protocol with carrier sense and collision avoidance.
When implementing a positioning system by
known methods within a network with a similar
access method, it is not possible to ensure the
strict frequency of transmission of navigation
sequences necessary for the implementation of
high-precision positioning. However, the protocol
devices have a procedure for checking the
busyness of the transmission medium, called the
Clear Channel Assessment (CCA). As part of this
procedure, the devices scan the air for the presence
of protocol signals. When there is a Wi-Fi signal
on the air, devices do not initiate data transfer,
waiting for the medium to be free.

Given the above, we can conclude that the
output system contains (Fig. 1):
* a modified access point of the IEEE 802.11
protocol (Master Station (Access Point) —
MSTA/MAP), acting as a master base station,

21

() <
22 USTA

MSTA (MAP)

Connection types

<€) Transmission using IEEE 802.11

— Navigation signal, transmitted by MSTA

------- » Navigation signal, transmitted by SSTA

Fig. 1. Combined system diagram and types of emitted
signals.
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and implementing, in addition to standard
media access mechanisms, the proposed
algorithms for combining systems. Device 22
in Fig. 1;

¢ modified stations of the IEEE 802.11 protocol
(Slave (fixed) Station - SSTA), acting as slave
base stations, also implementing the proposed
algorithms for combining systems. Devices
24,2526 in Fig. 1;

* modified stations of the IEEE 802.11 protocol
(Rover (mobile) Station - RSTA), acting as
mobile subscribers determining
their location by the system signals using

(rovers),

the difference-range method, as well as
participating in the exchange of information
with the access point and other stations. Device
23 in Fig. 1.

e standard IEEE 802.11 protocol devices (User
Station - USTA). Device 21 in Fig, 1.

The basic mechanisms of signal formation and
the technique for constructing tracking loops and
estimating signal parameters in the receiver are
described in more detail in [1]. This article focuses
on the features of the operation of this system
in difficult conditions in the presence of a large
number of reflected signals.

2. TECHNIQUE FOR DESCRIBING
POLARIZATION OF RE-REFLECTED
ELECTROMAGNETIC WAVES

Reflection of waves, taking into account
distortions, is
considered by representing a plane homogeneous

polarization conveniently
electromagnetic wave by the Jones vector [2]. Let's
introduce this concept.

2.1. REPRESENTATION OF ELECTROMAGNETIC
WAVES BY THE JONES VECTOR

Let there be a plane homogeneous TE wave
(Transverse Electric) whose electric intensity vector
tfor the case of an arbitrary elliptical polarization
can be written in the right Cartesian coordinate
system as

E(z,t)= {EX cos(awt —%+ (px)}fﬁt

2rz M
+{Ey cos(wt _T+ qoy)}_z.

FREQUENCY-POLARIZATION PROCESSING FOR 83
MULTIPATH MITIGATION IN LOCAL POSITIONING SYSTEMS

Here X and y — unit vectors that determine
the orientation of the electric vectors of linearly
polarized waves

E_cos(wt —%+ @,) and E  cos(wt —%+ ?,)

The superposition of these waves, which
have different phases and amplitudes, leads to an
elliptical polarization of the wave. When analyzing
its transformations in a radio channel, there is
no need to use the full expression (1). First of
all, it is not necessary to keep the spelling of the
unit vectors ¥ and y to take into account the
otientation of the components E_and E, but it is
advisable to take this orientation into account by
using the column vector

E_cos(wt —% +@,)
E(z,t) = s . 2)
E  cos(wt — +,)

Here and below, it is assumed that the upper line
corresponds to the projection of the vector of the
analyzed field on the OX axis, and the lower one,
to the OY axis.

Both the harmonic time dependence and the
constant phase shift, which is the same for both
components, do not carry information about the
state of wave polarization. In this regard, these
values can be excluded from consideration. Given
the above, expression (2) can be represented in the
following form:

= | E.exp(jo)| | E,
E = , =| 7. 3)

E, exp(jo,) | | E|
This representation of an electromagnetic wave in
the form (3) is called the Jones vector. The total
intensity of the wave represented by the Jones

vector is equal to the sum of the intensity of the
projections of the electrical wave vector onto the

orthogonal axes OX, OY:
J=E'E=E*+E’,
where T means Hermitian conjugation.

The total intensity of the wave does not
determine its polarization properties, therefore,
for the convenience of analysis, we normalize to
the total intensity. The Jones vector in this case
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satisfies the condition ETE =1 and is called the
normalized Jones vector.

Since the complex elements of the Jones vector
can independently take on any possible values, this
makes it possible to obtain all polarization states
of an electromagnetic wave. For example, linearly
polarized poles whose electric vectors are oriented
either along the OX axis or along the OY axis can
be represented by the Jones vectors

ol

and form a pair of orthogonal linear polarized
waves.

Waves of right and left circular polarization can
be represented using the Jones vector as follows:

i 1|1 i 1|1
! ﬁu ' JEM'

Let us now consider in the general case
the technique for obtaining the Jones vector
of the sum wave in the basis of the receiving
antenna, taking into account the multipath
signal propagation. First, let us turn to the wave
received upon reflection from some stationary
object. The consideration will be carried out
assuming that the reflecting object does not
introduce changes into the spatial spectrum of
the wave, i.e. does not give a diffraction image
[2]. Let there be three bases: a transmitting
antenna XQOY, a reflecting object XOY, and
a receiving antenna XOY . In the basis of the

transmitting antenna, the initial Jones vector E
is set, characterized by a certain (fixed) ratio
of the amplitudes of its projections and some
phase difference between them. These values
determine the parameters of the polarization
ellipse of the output wave of the transmitting
antenna, i.e. of the input wave of the reflecting
object, assuming that no distortion occurs in
the propagation space of the wave. Since the
orientation of the transmitting antenna's basis
relative to the object's own basis is generally

arbitrary, we translate the original vector E
into the object's own basis using the rotation

operator ”R(H)” :
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mpl

. ~IN |°
Ez EmpZ

- - [c
EN=R@OE=| "’
’ _Se Ce

Sg} E| |EY
% _

where C, =cos(0),S, =sin(d), 0 — angle between
the positive directions of the semiaxes OX, Ome,
let's call it the angle of transition between the

bases.

Since only the amplitude and absolute phase
of the polarization ellipse (which in this case is
degenerate into a line) change for each of the orts
of the eigencoordinate system, this means that the
mathematical description of the transformation
of the Jones vector from the input to the output
of the object, when considered in its own basis,
can be introduced on the basis of using a diagonal

matrix
3 ~IN . IN
D our __ kl O Empl _ klEmpl
Emp - 0 k x EIN - k EIN >
2 mp2 2 mp2

where k, and k, — complex transfer coefficients
corresponding to the orts of the object's own
basis.

Completing the transformation procedure, it is
necessary to make a transition from the object's
own basis to the receiving antenna basis using the
rotation operator ” R(0)
the positive directions of the semiaxes OX_, OX .

, where ¢ —angle between

Then the Jones vector for the receiving antenna
for non-direct propagation ray (Non-Line-of-Sight
— NLOS) can be written as:
E" =R(p)x g x R(O)x E -
x_mp ((0) 0 ( ) M ( )
2
For a direct propagation ray (Line-of-Sight —
LOS), the Jones vector can be written using the
rotation operator R(a):

Erl)]c\iws = R(a)x E,
where « — angle between the positive directions of
the semiaxes OX, OX .

Since in the proposed description the Jones
vectors of the reflected and direct waves are
presented in the basis of the receiving antenna,
one can easily proceed to writing the Jones vector
of the total wave in the presence of M singly
reflected signals:
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SN  _ pIN =IN
Erxiall - ErxiLOS +2Erximp7j’
=l

where

N ko
Erla]cv,mp,j = R(@)Xlz -~

O xR0 )¥E
0 xR(6,)x E.

2.

In the considered case, the physical meaning
of the reflection of the radiated wave is as
follows: the Jones vector of the radiated wave,
given in the basis of the transmitting antenna, is
translated into the own bases of the reflecting
objects.
along the orts of their own bases, acquire

Orthogonal components, oriented
amplitude and phase changes. Then the Jones
vectors of the received waves at the output of
the objects are translated into their own basis
of the receiving antenna and are added to each
other, as well as with the Jones vector of the
wave of the direct propagation beam, translated

into the basis of the receiving antenna.

If there is a multiple reflection of the radiated
wave, the final Jones vector can be obtained by
sequentially multiplying the Jones vector of the
radiated wave with matrices of weight coefficients
and transition operators between the basis of
individual objects. For example, in the case of
double reflection, the Jones vector of the wave
in the basis of the receiving antenna can be
represented as follows [2]:

E! = R((p){kl2 0 :|><

B 0 k,

{ io } . )
xR(v) x . |XR(O)xE,

0 £k,
where v —the angle between the positive directions
of the semi-axes OX of the reflecting objects.

Applying the associativity property of matrix
multiplication, we can transform expressions (4)

and (5):
E;fxmp :R((0)><R(6?)><[](()1 Qi|><E;=

kz
. ©)
(.) } x E,

k
:R(¢+9)x[0'
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E" , =R(p)xR@)x
xR(6)x s .0 X iy 0 < E =
0 ky| |0 K, %
=R(¢+U+t9)>{k”k“ . O. }x E.
0 k22k21

Based on expression (7), in this case it is possible
to write the Jones vector for the case of IN wave
re-reflections:

EIN

N .
N+l Hli 0
rx_mp :R(Zgljx o
=1

N .
0 1%,
=1

where f/ — angle of transition between the bases

xE, (8)

of two elements through which the wave passes
successively. Thus, £ — transition angle between
the transmitting antenna basis and the basis of
the first reflecting object, f\ 0 angle of transition
between the basis of the last reflecting object
and the basis of the receiving antenna, other & —
transition angles between the bases of reflecting
objects through which the wave passes successively.

Thus, taking into account the above relations,
we can write the general Jones vector for the sum
wave in the basis of the receiving antenna:

HIN N N
Erxiall - ErxiLOS +2Erximp7j’
7=l

where

x E,
N

0 k

2_j_1

N,
. N+l Hklijil 0
= =1
Erlx,mp,.f = R[ z 5/1JX l
I=1

I=1
and N can take any value from 1 to .

It should be noted that the coefficients
k.lJJ and kz,j,l are constant for given objects
lying on the j-th path of wave propagation,
parameter 1 in this case defines only the serial
number of the reflecting object in the /~th path.
In other words, the same objects in the general
case can repeatedly re-reflect the signal between
themselves. Angles &, | are determined based
on the directions of wave propagation, and
for each path can be different, however, with
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multiple reflections between the same objects,
the transition angles between them will be
repeated. Thus, the index 1 in this case also
determines the ordinal number of the angle on
the jth propagation path.

Let us now consider a special case when waves
with linear polarization E"OX, EOY,
and also there is a single reflecting object in space,

are emitted,

from which the wave is reflected once. Let us write
the Jones vectors for direct and singly reflected
waves:

EWOSO=Rmp<1= C. ,
rx_LOS_0OX 0 _S

a

EIN

0 S,
mx_LOS_OY — R(a)X|:J = {C },

- k0 1
EY =R(@)x| ' . |xR(O)x =
re_mp_OX (gp) |:O k2:| ( ) |:Oj|
:[q@@—%@&}
-8 k,.C, —C,k,S,

- k0 0
E™ =R ' T IxR(O =
rx_mp_OY (¢)X|:0 k2:|x ( )X|:1:|
z[g@%+%@@}
-S,kS, +C k,C,

Thus, the Jones vectors for the sum waves for

both cases will look like this:

B ChiCy =S k.S, +C,
-0 8k Cy — C K,S, - S, |

By CokiSy+S,faCo S, |
- _—S¢k1S€ +C, kCy+C, |

It can be seen that when the bases of all
elements coincide, i.e., when o« = ¢ = 0 = 0, in
the basis of the receiving antenna, we can get the
sum of the direct and reflected waves with the
preservation of linear polarization:

- 1]
Erlivfallfox = 10 >
- 0 ]
Er[xNialliOY = _kz +1_-

No. 1| Vol. 15| 2023 | RENSIT

INFORMATION TECHNOLOGIES

2.2 USING THE COHERENCE MATRIX TO ESTIMATE
THE PARAMETERS OF AN ELECTROMAGNETIC WAVE
There are three main types of wave polarization
[2]:

e completely polarized waves;

* absolutely unpolarized waves;

* partially polarized waves.

Fully polarized and absolutely unpolarized
represent the limiting states of a
partially polarized wave. A monochromatic
wave is considered to be fully polarized if
for a long time (compared to the oscillation
period) its components have a constant phase
difference and a constant ratio of amplitudes.
If the completely polarized states of the
monochromatic components of the spectrum
can differ in an unpredictable way, then the
resulting wave will be partially polarized. With
absolute independence (in the statistical sense)
of the sequence of completely polarized states,

waves

the wave becomes absolutely unpolarized.
Matrix K is called the coherence matrix of a
plane quasi-monochromatic wave [5]:

k=(E0®E"())=
{(Ex(t)E‘;(z» (Ex(t)E;(t)q_{Km K} )

(E,0E®) (E0EW0)| [K. K,
where
= B0 |_| E(Dexp(jo, (1)
E(’){E‘y(z)HE’ym exp(jmy(t»}' 49

Expressions for trace SpK and determinant

det K coherence matrix are presented below [5]:
Spk =K+ K,
detK=K K -K K, .

Using these parameters, it is possible to
obtain a quantitative estimate m of the degree of
coherent relationship between the components of
the vector (10), called the degree of polarization

[5]:

4det K |”
m=|1- — .
Sp K

(11)
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The degree of polarization of a fully polarized
wave is equal to one, and that of an absolutely
unpolarized wave is zero.

There is also another parametric way of
representing polarization - the Stokes parameters.
obtaining these

Below are for

parameters [5]:

expressions

S, =B =|E[+[E]. (12)
.12 .12

s,=0=|E[ -|E,| . (13)

S,=U=EE +EE, (14)

S,=V=i(EE,-EE,). (15)

In this case, these parameters are related to the
degree of wave polarization as follows [5]:

Q' +U+V?=m’P’ < P}. (16)
In addition, using these parameters, it is

possible to determine the phasor parameters y and

3 [5]:

QO =mPF, cos2y, (17)
U =mP, sin 2y cos 20, (18)
V =mPF, sin 2y sin 26. (19)

Where can you get the following expressions:

0
JO +U 417

cos2y = (20)

.
1025 = —. 21
g U (21)

Also, using the Stokes parameters, one can
determine the parameters of the correlation
coefficient of the orthogonal wave components

[5]:
|,u|: ﬁ,M:ﬂ—arctan(Kj.
P -0 U

From the analysis of statements indirectly

2 2
U +V 22)

related to this, it can be assumed that the sum of
two completely polarized waves forms a partially
polarized wave if:

* angle between components Ex] and Ex2 of
these waves is not equal to 0° or 90° (otherwise
it will turn out to be completely linear or
completely elliptical, respectively),
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e waves correspond to the same signal, but at the
receiving point they have a different delay and
phase

If this assumption is correct, then as a result
of re-reflections, the total wave in the basis of the
receiving antenna is composed of a set of fully or
partially polarized waves and, thus, is also partially
polarized. This means that in this situation it is
possible to obtain an estimate of the degree of
polarization from its coherence matrix estimate 7
. Then this estimate m will tend to 1 when the
reflected signals are small or absent, i.e. when at
the input of the receiving antenna there is only a
forward-propagating beam, which is always fully
polarized. In the case when the reflected signals
are large, the estimate will tend to zero. Based on
this statement, two more interesting thoughts can
be formulated:

e With multiple reflection, as mentioned above,
the wave is depolarized. In the limiting case,
such a re-reflected wave will become absolutely
unpolarized [2], i.e. as a result, noise will be
added to the direct propagation beam, the
distribution law of which tends to normal. At
the same time, it will turn out to be uncorrelated
on different orts of the receiving antenna.

*  When forming a set of reflected signals, it may
turn out that they will have similar distribution
laws. As is known from the central limit
theorem [7], the distribution law of the total
signal from such a set will tend to normal as
the number of reflected signals increases.

These ideas make it possible to synthesize
optimal algorithms for estimating the phase of the
carrier frequency for some simplified conditions.

3. SYNTHESIS OF OPTIMAL ALGORITHMS
FOR ESTIMATING THE PHASE OF

THE CARRIER FREQUENCY UNDER
CONDITIONS OF STRONG MULTIPATH
AND MULTIPLE SIGNAL RE-
REFLECTIONS

3.1. OPTIMAL ESTIMATION OF THE PHASE OF

THE CARRIER FREQUENCY OF THE SIGNAL IN THE
PRESENCE OF N RECEIVING CHANNELS

RENSIT | 2023 | Vol. 15 | No. 1



88 FEDOR B. SERKIN

From [6,10], with a known signal structure and
carrier frequency, it is possible to obtain an optimal
algorithm for estimating the signal parameter under
the influence of additive interference. Assume that
the receiver contains a single complex signal at the
input:

y(t)=s(t,A)+n(t).

Here s(#, %) - useful signal depending on time #and
estimated parameter A, #(/) — noise. Imagine that
this analog signal is uniformly sampled with a step
AT:

Y, =s5(A)+n, (23)
where s(1) = s(#,) — useful signal at time ¢,
dependent from estimated parameter A, 7. = n(2) —
noise value at time £. Values 7 = 1, ..., M constitute
an ensemble of discrete values.

Based on [10], provided that the parameter
mocrosiHeH, one can write the likelihood function:

L(A) = p(Y1ses Yag | A)- 24)
Now imagine that the receiver contains N
inputs, each of which has independent noise.

Takum ob6pasom, Thus, the overall ensemble

(M-N)
Then, in accordance with the property of the
multidimensional probability density [7]

contains independent noise samples.

we can

5

write expression (24) as follows:

L(A) = pyses vy [ A) =

=" Y T A) e o O Y| D),

where y, ..., J,, , — general ensemble obtained with
N receiver inputs, " ,..., y7

trom the j-th input of the receiver.

(25)

(N)

— ensemble received

Since the noise is additive [10], and also in the
case when it has a normal distribution law at each
input 7, (25) can be written in the following form:

L(i):nﬁexp{—[Z( (’)—s(l)) /20‘5}}, (26)

2
where O

channel, 7 — normalized constant.

— additive noise variance in the jth

With a uniform spectral density band AF of
the process #(#) uncorrelated samples are obtained,
as is known, at AT = (1/2)AF. For a different
form of the spectrum, the samples turn out to be
practically uncorrelated if we take Az > 7, where
7, — process #(#) correlation period [6].
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For a function with a limited band, its values
at times sepatrated by an interval AT = (1/2)AF,
represent the coefficients of the expansion in
terms of the Kotelnikov functions, and the more
accurate the expansion, the greater the product of
the observation interval T to the width of the band
m = TAF. Pushing the band of noise to infinity, AF
— 0, 77 — 0, using Parseval's equality and taking
into account that O'; = G{fj AF = G(Ej V/2AT, we
obtain the likelihood function of the useful signal
when observed against the background of white
noise with spectral density G\ in every channel:

N 1 T ) 5
L(MZ’?HeXP{— =0 [y =s(,2)) dt}, @7)
J= o 0
Let us expand further the integrand:
L(A)=

=l [ews | (-0 T s =gl |1 @Y
- 207 | =

Jj i

L(A) = nH exp 7
Jj=1

+29Ds(t, A) - s2(t, A))dtl,

Since,

)
j( )T + 9

in this implementation, under the
mixtures of the components [ yl.(j)]z in (28) and
[ y(t)(f)]z in (29) do not depend on 4, they can
be introduced into a constant normalizing factor,
after which (28) and (29) can be written as follows:

L(A) = nHexp{zi_z {Z(zyf”si (A)-s/ (A))}}, (30)

j L=t

L(A) = nHexp{ G(,)I (20" s(t, 1) =5 (&, l))dt} (31)

Jj=1

Let us rewrite expression (31) as follows:

L(A) = neXP[ { G

j (200 s, 1) - (1, ﬂ,))dtD (32)

The integral of the difference can be
represented as the difference of the integrals, and
the summation operation can also be performed
separately for the integrands. So we get

L(A)= nexp(2Z{GU ]- Y1) s(t,A) dt}

[ () D

(33)

-2
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or

L(2)=nexp(2g(A)-E()),

where

q(2) = 2{ ij (st 2))d }

(34)

E(A)= Z[Gm [(s (t,l))dt}

In the general case, the desired phase estimation

algorithm could be found by the maximum

likelihood method by solving the following

equation:

OL(A)
oA

However, in the case of using the PNS as a

=0.

useful signal PN(,F7), where F — code frequency,
7—code delay, £2 — carrier frequency, the expression
describing such a signal is as follows:

s(t)=aPN(t, F,7t)cos(Qt — ).

Then, according to [6,9], the phase ¢ is a
non-energy parameter, and in order to obtain an
algorithm for its estimation, it is only necessary
to find the maximum of the correlation term

g(A), since with the chosen type of signal
modulation

E(p)= Z{ o7
ﬁz{m 1(

o

]‘ aPN(t,F,T) cos(Qt — (/)))2 dt} -

0

aPN(t,F.,7)) }

that is, does not depend on ¢.

Since in this case we are interested in the
optimal algorithm for estimating the phase of the
carrier frequency, we assume that other parameters
are known, namely PN code delay 1 u frequency ,
and carrier frequency . Then the correlation term
can be represented as follows:

T

10)=a)| = I

(¥ PN(t,F,7)cos(Q - go))dt}. (35)

0
Before dlrectly searching for the maximum, we
expand the cosine of the difference according to

the well-known trigonometric formula:
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N

g(p)=a). & j (cos() ()" PN(t,F ,7)cos(Q) +

Jj=1

+sin(@)y(t) PN(t,F,7) sm(gt))dt].

We take out the constant parameters from
under the sign of the integral and the sum, and
also expand the sum integral into the sum of
integrals:

q(p) =

COS(@)ZN:{G{j) j.(y(t)(j)PN(t,F,T)COS(Qt))dt +

P } .(36)
+ sin((o)ﬁ: [ﬁj( y(@©)Y PN(t,F,1) sin(Qt)) dt}

=a

Let's make a change of variables:

X, = j[ y(6) PN(t,F,7)cos(Qx) |dt,

Y = j[ vV PN(t,F,7) sin(Qz)]dt.

Then expression (36) can be represented in a
more visual form:

L ¢ NY,
a(0)= a{cos(go)z o sin(e)Y = } 37)

Taking the partial derivative of ¢ is no longer
a problem:

oq . o X L

—_—= —SIin — + COS — =

50 a{ ((p); 70 (40); G
Thus:

cos(go)z

- Sln((ﬁ)z G(]) )

N

Z G(J) = 1g(9).

=1

G(/)
sin(e) ZN:
cos() G(’ )

Then from (38) one can obtain an algorithm

for the optimal phase estimation for the case under
consideration:

(38)

N Y,

o = arctg[z Gé” /z G )+p7z
1 ‘ N X N ),, ] A (N Y, ]
p=——| sign sign — | —sign — ||,
2 |: (; G(/) J [; Géj) /Z:; Géj)

where the parameter p is needed to estimate the
phase, which takes values from n to 2m.

(39)
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— sign > X —_— -

X X X
L) [} 4
y(l) sin(<) PN@F,1) 76
— . + 7
— X — X — X
A 4 4 -
sin(Q) PNUFD) 16,” : —>arctg—> + o
X X g X ‘
I
O 5 i
0 o) P\.(/.-.FJ i s sign T )4
-12
X
— )‘( — X— = X—
cos(2

Fig. 2. Functional diagram of the optimal phase

estimation systen.

Also in Fig. 2, we can depict the functional
diagram of the optimal phase estimation system
(39) as follows.

It should be emphasized that the synthesized
phase estimation algorithm is optimal only in the
case when the reflected wave, or the sum of the
reflected waves, has completely lost its polarization
properties. Let us further consider the situation
when the wave remains partially polarized.

3.2 OPTIMAL CARRIER PHASE ESTIMATION IN

THE PRESENCE OF TWO CORRELATED NOISE
COMPONENTS

Since the case when the reflected waves
completely lose their polarization properties
is the limiting case of strong multipath, it
is logical to consider the situation when the
reflected wave remains partially polarized, i.e.
interference in different receiving channels
will be correlated. However, in order not to
immediately overcomplicate the problem, we
assume that the signal belonging to the direct
propagation beam is, for some reason, not
correlated with the reflected.

Let us assume that the receiver may contain
two inputs, each of which contains the same
useful signal, but the effect of interference
is correlated. In this case, the noise y will be
described by the two-dimensional probability
density p,(4,4,), then you can get the following
likelihood function for a mixture of gz signal
and noise in the #-th channel:

L=L(A)=p(y", y?|2),
)

implying that y"” —[y(”, Vil
ensemble of in the j~th channel.

(40)

— 1s the noise
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In this case, relying on [6,7,8], with additive
correlated noise, the likelihood function can be
written in the following form:

L(A) = X
* ‘K‘\/“-ﬂ'z
kyy k, ZM:( o S(l))
@)
xexp m ky, ky, zl(ym_s (ﬁ))
20" =) 5 -5) 0
where
k, k
K — |: 11 12:|
kzl k22

- noise correlation matrix, and &£, = &, = £

Next, we can get the following expression for
the exponent:

_2k22i( Oy, (/1))+2k”2( 2s,(4))

: —zki()’fl)si (1) + yi<2>si(,1)> + ZkZ(y,“)y,(z))
2|K| M

300~y X7 <2435

- 222 S; (1) kllz S; (/1)

Further, by analogy with (31), we can take out
into the normalizing factor the components that
do not depend on 4, and get an expression like:

. 42)

L(ﬂ)znexp{ﬁ(g(ﬁ)—E(ﬂ))} @)

where

g =2k, 5 (30 (z))+2k112( O, () -
oo (44)

~2k Y (3 s, () + 75, (A)),

EQA) =[ky, +k, —2k]§:(si DY, (45)

i=1

or in case when AF — 00, by analogy with (30):

q(A) = 2k2j( y(O)Vs(t,4))dt +

+2k;, T( YO s(t,4))dt -

0

2k j (yO" st )+ y(0)* s(2, 2)) dt

(40)
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T

1[ (st 1)) at

0

E(A) =[ky, +k, -2k (47)

According to [6], the phase is a non-energy
parameter, and in order to obtain an algorithm for
estimating it, it is necessary to find the maximum
of the correlation term g(A).

In the case of use as a useful signal PNS
PN(#F;7), where F'— code frequency, T — code delay,
£2 — carrier frequency, The expression describing
such a signal looks like this:

s(t)=aPN(t,F,r)cos(Qt — ).

Since in this case we are interested in the
optimal algorithm for estimating the phase, we
assume that other parameters are known, namely
PN code delay 7 and frequency F, and carrier
frequency £2. Then the correlation term can be
represented as follows:

T
2k, j (»(O)" PN(1, F,7)cos(Qt — ) )dt +
0

g(@)=a +2k“Jr‘(y(t)(z)PN(t,F,r)cos(Qt—¢)))dt— . (48)

_Zkf ( ()" PN(t, F,7)cos(Qt — p) +Jdt
o\ +y()? PN(t,F,71)cos(Qt — @)
Before directly searching for the maximum,

we expand the cosine of the sum according to the

well-known trigonometric formula, expanding the
sum integral into the sum of integrals:
q(p) =
2k, (cosp X, +singY] ) +
=a| +2k;, (cosp.X, +singY, ) — ,
—2k(cospX, +sin Y, +cos X, +singY, )
where, for j = 1,2:

T

X, = j (¥ PN(t, F,7)cos() ) dt

(=]

Y = j( y(O)V PN(t, F,7)sin(Q)) d.

Let us now take the partial derivative on :
q
%0 =
k,,(=sinpX, +coseY)) +
=2a| +k,,(—sinpX, +cospY,) -

—k(—sinpX, +cos @Y, —sinpX, +cospY,)
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A .
sin(@0) PN tku=k) 1 —sarctg— + o
X, )
X—X—J —X—
Y A A [ m—= X
N cos(@0) PNGFD) (kz=k)

L— sign —»| X-» -

e X = X — X
4 A A

@ PNeED (ki =k)

Fig. 3. Functional diagram of the optimal phase estimation
Systenm.

Select the elements depending on ¢:

sin(—ky, X, —k, X, +k(X, + X))+

+COS¢(k22Yl+k11Y2_k(Y1+Y2)):0a
((0)— Sln((D) k22K+kllY2_k(Y]+Y2) -
COS((") kX, +k X, —k(X, + X)) (49)
_ Yl(kzz_k)"'Yz(kn_k) .
X, (ko — )+ X, (k)

Then from (49) one can obtain an algorithm
for the optimal phase estimation for the case under

consideration:
Y, (ky, —k)+Y, (k, —k)
Q —arctg[ (kzz )+X (kH k) +z7z,
szgn(X (k22 k)+X (k, k))x (50)
=—— xszgn( (k”—k))— :
—Slgn(Y1 (k22 k)+ Y, (k, —k))

In Fig. 3, we can depict the functional diagram
of the optimal phase estimation system (50) as
follows.

3.3. INVESTIGATION OF CHARACTERISTICS OF
SYNTHESIZED PHASE ESTIMATION ALGORITHMS

To study the characteristics of the algorithm (39),
a simulation model was created in the MATLAB
environment using the Quadriga multipath
simulator. The standardized variants 3GPP-
38.901-Indoor-LOS and WINNER-Indoor-Al-
LOS were chosen as multipath scenarios. The
receiver moved linearly in the direction away from
the transmitter. On the transmitting and receiving
sides, antennas with orthogonal linear polarization
are implemented, which make it possible to

RENSIT | 2023 | Vol. 15 | No. 1
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3GPP 38.901 Indoor LOS

Distance, meters

i 0 200 400 600 800 1000 1200
time,samples

Fig. 4. The result of modeling the algorithm (39) under
the scenario 3GPP 38.901 Indoor 1.OS.

obtain 4 tracking channels due to their various
combinations:

* tx-1 — rx-1 — channel 1,
* tx-1 — rx-2 — channel 2,
* tx-2 — rx-1 — channel 3,
* tx-2 — rx-2 — channel 4.
The simulation results are shown in Fig. 4, 5.

Based on the simulation results, it can be seen
that algorithm (39) does not receive more than
the total effect, and the number of cycle slips in
the phase estimates turns out to be some average.
From this we can conclude that the formulation of
the synthesis problem was oversimplified.

4. EMPIRICAL MULTIPATH

MITIGATION ALGORITHM

Considering the large number of cycle slips in
the estimation of the phase of a single signal, an
attempt was made to create redundancy in the
emitted signal itself. Since in this frequency range
within the band up to 50 MHz the multipath is

WINNER Indoor A1 LOS

Distance, meters

0 200 400 600 800 1000 1200
time,samples

Fig. 5. The result of modeling the algorithm (39) under
the scenario WINNER Indoor A1 L.OS.
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Fig. 6. Spectral representation of the signal. Each

subcarrier is modulated with the same Gold code

(indicated in different colors), the result corresponds to the
sum of the subcarriers (indicated in black).

frequency-selective, an OFDM signal with Gold's
PSS was created. The spectral representation of
this signal is shown in Fig. 6. In addition, to further
increase the redundancy, all combinations available
from orthogonal polarization at transmitters and
receivers were also used.

Phase estimation when using this signal was
made independently for each subcarrier, using the
same algorithms as described in [1]. However, it was
noticed that when converting the phase estimates
to meters, it is possible to implement an algorithm
for detecting jumps in the estimates. To do this,
it is necessary to calculate the phase difference
between all possible pairs of subcarriers, and then,
for each time point, select an estimate of the phase
of the subcarrier that is not currently multipathed.
These operations must be performed for each
transmitter independently. In this way, estimates of
the phase increments can be obtained, from which
most of the jumps will be excluded. On Fig. 7
shows the difference in phase estimates between
subcarriers. It can be seen that this parameter
contains only noise and jumps, since the influence

. ; Phil.ﬂi"ﬂtrlclbllwe.n&ubcav‘viuri
osf b
B JW \ \VH * W
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|y | |
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Fig. 7. Difference between subcarrier phase estimates.
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2-D MSE = 9.5265 cm
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%
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Fig. 8. The result of the evaluation of the position and the standard deviation of the positioning error on the first lap.
measurements. With the help of this method, it has
been experimentally shown that indoors in difficult
conditions and in the presence of multipath, it is
possible to achieve the RMS positioning error of

of the RF part, movement, and other hardware
effects are the same on both subcartriers and are
mutually exclusive. A detailed description of this
algorithm is presented in [11,12,13].

As a result of applying this algorithm to the
experimental data, it was possible to achieve an
RMS estimate of the 2-D position of the order of
10 cm (see Fig. 8-9).

5. CONCLUSION

The paper presents a technique for describing
reflected signals using the Jones vector, as well as
the synthesis of optimal algorithms for estimating
signal parameters under complex conditions for
simplified scenarios. With the help of modeling, it
is shown that the synthesized optimal algorithms
are poortly applicable to real situations, however,
they allow a better understanding of the physics
of processes. Based on this understanding, a
signal shaping technique is proposed to create a
large redundancy of measurements in the receiver,
as well as an empirical method for rejecting false

250 Estimated position (moved to 0,0 for error calc)
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50

cm
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-200

-250

-300 -200 100 200 300

less than 10 centimeters.

In addition, the conducted research allowed to

achieve several additional results:

1.

2-D Vector Error, cm

-30

-40

-50

-60

A system was created that allows one to form
complex signal structures and evaluate the
quality of the phase estimate.

An understanding has been reached of exactly
what effects multipath has on signals of
different frequencies and polarizations.

It was possible to experimentally show that,
using the navigation signal with OFDM, it is
possible to achieve good results in eliminating
jumps from phase estimates. Thus, it is
probably possible to formulate the problem
of synthesizing a hop-free phase estimation
algorithm using a similar navigation signal
with frequency and polarization multiplexing,

2-D MSE = 17.9933 cm

0 10 20 30 40 50 60 70 80 90
Time, s

Fig. 9. The result of the assessment of the position and RNLS of the location error for the entire time of movement.
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which can potentially solve the problem of
relative positioning with centimeter accuracy
in difficult conditions.
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