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Abstract

Collaborative Positioning (CP) is a better localization technique used to locate
a user in challenged environments, which is driven by the increasing presence
of cellular phones and mobile devices in urban areas. The basic idea is that the
mobile devices can cooperate with each other to improve their ability to de-
termine their position. In this concept, a network of GNSS (Global Navigation
Satellite System) receivers can collectively receive available satellite signals,
and each receiver can receive signal measurements from other receivers via a
communication link. This work shows how to use the Collective Detection
(CD) approach to deal with the concept of collaborative or cooperative posi-
tioning. Specifically, this paper develops a new strategy allowing a receiver in
deep urban environment to locate using the CD approach, while overcoming
the implementation complexity problem. The idea consists in applying the
CD approach in the case of multiple GNSS receivers to assist a receiver in a
difficult situation. A typical case of two connected receivers assisting a receiv-
er in difficulty in a deep urban area shows the effectiveness of this strategy.
This strategy is tested with real GNSS signals to analyze its feasibility. The
overall gain in complexity can reach up to 46% of what has been achieved in
previous works.
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1. Introduction

Positioning and navigation in deep urban environments have become interesting
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thanks to the integration of GNSS chips in cellular phones and mobile devices,
which are used for potential applications. The increase in the number of satellite
signals and the diversity of GNSS satellites is a great advantage, because it can
improve the overall performance of the signal processing in a multi-constellation/
multi-frequency hybrid architecture.

For indoor environments’ applications, many technologies have been pro-
posed for localization purposes because the GNSS signals cannot be received
with a sufficiently high signal-to-noise ratio [1]. Moreover, most techniques re-
quire a dedicated physical infrastructure.

Collective Detection (CD) is a powerful method for acquiring highly attenu-
ated GNSS signals in challenging environments because it can process all satel-
lites in view collectively taking advantage of the spatial correlation between sat-
ellite signals as a vector acquisition scheme. One advantage of CD as a vector
acquisition method is its ability to use stronger signals to facilitate the acquisi-
tion of the weaker ones [2] [3] [4].

The projection of the code phase into position/clock bias domain is done dif-
ferentially with respect to the pseudorange measurements provided by a refer-
ence station with known location. The main idea of the use of CD is that the ac-
quisition of satellite signals in harsh environments could be used for position-
ing directly without standard tracking loops. In addition, it is known that the
GNSS receiver antenna receives at least one or more strong signals and these
strong signals are used to detect the weak GNSS signals in view as a sort of
multi-satellites collaborative processing.

The main objective of this paper is to propose a mechanism to provide mutual
cooperation between surrounding GNSS receivers. The increasing number of
mobile devices makes it easier to apply this idea since devices that are able to re-
ceive good satellites can assist others in difficulty [5]. Indeed, the application of
the CD in the concept of cooperative positioning is proposed. In fact, the CD
approach has the capacity to process weak GNSS signals but it is computation-
ally intensive because of the important number of candidate points, which
makes its practical implementation very difficult [6] [7] [8]. The proposed strat-
egy consists in applying the CD approach in the case of multiple reference re-
ceivers to assist a receiver in a difficult situation.

It can be noted that there are two great advantages of the proposal in this pa-
per. First of all, it makes it possible to considerably reduce the search area, ie. to
decrease the number of candidate points. Secondly, knowing that the CD ap-
proach is more beneficial in presence of several satellites, and it allows increasing
the probability of having good satellites in order to properly estimate the user’
position through the reference receivers that assist it. In all existing CD methods,
to our knowledge, no study has been conducted with the use of two or more re-
ceivers to assist a user in poor reception condition. Also, the reference station
(RS) receivers, also called base station (BS), which assist the receiver in difficulty
(called mobile receiver or mobile station—MS) can be mobile or fixed. In this

paper, the case of multiple connected (17) GNSS receivers and two cases for the
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operating mode of the two reference stations are considered. The principle is to
have a better estimation of the user position while reducing the complexity of
the CD process that depends on the search area in position/clock-bias domain.

When there are less than four satellites that can be detected individually, CD
has still the ability to provide a coarse positioning solution with attenuated sig-
nals in degraded environments. CD can be seen both as a high-sensitivity and a
direct positioning method because it provides a coarse estimation of the user po-
sition using direct navigation solution. The general difference between conven-
tional acquisition and CD technique is shown in Figure 1.

The focus in this proposal was strongly motivated by the idea of some devices
equipped with GNSS chips connected to help each other as shown in Figure 2,
in which MS is the user Mobile Station, RS1 and RS2 are the Reference Stations
to assist MS. This is the simplest case to introduce the principle of using multiple
receivers to help a user in bad visibility conditions.

The approach proposed in this paper is different from the collaborative posi-
tioning or collaborative navigation standard methods developed in the litera-
tures where the acquisition process is performed in the code/Doppler domain
[9]-[15], whereas in this work the collective acquisition is carried out in posi-
tion/clock-bias domain.

The next sections of the paper are structured as follows. First, the CD princi-
ple is presented in Section II in which a single reference station is used to assist
the user MS. Then, Section III develops the proposed Collective Positioning (CP)
approach and shows how CD can be used as a CP technique in which the two
cases study are shown. Performance analysis of the proposed algorithm with
simulated and real GNSS signals will be discussed in Section IV. Finally, the pa-
per concludes with a discussion of the overall contribution of this work and the

remaining issues for future perspectives.

Up for all
I Satellite 1 satellites

in view

w

Satellite 2

0 2;)0 400 6(;0 800 1000 East ClOCk bias
Code/Doppler domain Position/Clock bias domain
Conventional Acquisition Collective Detection

Figure 1. GNSS signal acquisition using sequential (left) and vector (right) detection for all visible satellites.
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Figure 2. An application scenario of the proposed Collective Positioning approach.

2. Principles and Background on Collective Detection

In standard acquisition, the input signal is correlated with a local replica and the

correlation power corresponding to the 4-th satellite is expressed as [4]:
Soom (7) =[5 V()| =|acv, (7)- % (2) +i-v, () (1)

where ¥(7,) is the signal local replica, 7, is the hypothesised code delay of
satellite & @, is the signal amplitude, N is the noise component, and s

represents the complex baseband signal such as:
N
s=>av,(r,)+n (2)
k=1

where v, (7,) represents the signal vector of the k-th satellite, N represents the
number of satellites in view, 7, represents the code phase and n is the Addi-
tive White Gaussian Noise (AWGN).

The peak position of the correlation is estimated as the code phase of each ac-
quired satellite. The estimation of the position and other parameters defined as a
vector y is then performed. y includes the estimate of the receiver position
(Eys.Nys,Uys) and the common clock-bias B, which represents the timing dif-
ference between the local clock of the receiver and the synchronized clock of the
satellite. The parameter ¥ can be defined in an uncertainty space notedas T.

The estimation of parameters in CD approach is performed by non-coherently
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summing the correlation power of all visible satellites computed for standard
acquisition and it is carried out in position and clock-bias domain. Then, the CD

metric is expressed as

<>

S s

Sep (Tk) =

where ¥ is the satellite position vector.

The acquisition search grid is set in a space defined by 3D position coordi-
nates (AN ,AE,AD) which are the algebraic distances between the mobile re-
ceiver and the reference station in North, East and Down directions and the
relative clock bias of the receiver to the reference station ( AB). In CD, the code
phase in the correlator output (individual detection metric) is the projection of a
given point in the position/clock bias domain for all satellites in view. The pro-
jection of the signal code delay to the position/clock bias domain of the MS is
done differentially w.r.t. the pseudorange measurements p,g, seen by the RS
for the &-th satellite. Then, the pseudorange seen by the MS for the satellite & can

be expressed as [7]:
Puss = Prsi + AP, (4)

where Ap, is the difference in pseudorange from the MS w.r.t the one meas-
ured by the RS for satellite &

In CD, the uncertainty space T’ is centered on the initial position and clock
bias, and can be defined w.r.t. the accuracy of the initial knowledge. The
range-offset at a position separated by AN,AE,AD,AB from the RS is ex-

pressed in terms of the position and the clock-bias [3]:
Ap, = f(APMS’ABMS)
Ap, (AN,AE,AD,AB)

5
=—cos(az, )cos(el, ) AN —sin(az, )cos(el, ) AE +sin(el, ) AD +c-AB ®

where az, and el, represent respectively the azimuth and the elevation of the
satellite & as seen by the RS (usually the same as for the MS). The term c-AB
represents the pseudorange variation due to the clock bias of the MS.

Then, the pseudorange can be converted to an equivalent estimated code phase
7, , at a hypothetical location AN;,AE;,AD, andaclockbias AB,,as[7]:

|:pRS,k +Ap; (A]vi’AEj’ADm’ABn ):|

al cTeode
T, = ‘N4 (6)
k c- T de

code

where T

code

is the spreading code period (ie. 1 ms for GPS L1 C/A code), N_,,

is the number of code chips per period, and [:] . represents the modulo
CLeode

¢-T,, operation suchthat 7, €[0,N,, —1] chip.

Then, the individual detection metric corresponding to the satellite & for these

4D coordinates can thus be calculated by [7]:
D,, (TAk):|S(TAk)|2 (7)

where S(7,) is the correlation output at the code phase 7, for the satellite k.
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Then, the individual detection metrics for all satellites in view are summed in

order to obtain a single Collective Detection metric as [7]:

Dy, (AN,.AE,,AD, ,AB,)=>"D,, (%,) (8)
k

Once the CD metric is computed for all candidate points, many approaches
can be used to decide which set of values corresponds to the best estimation of
the true MS position coordinates and clock bias. If the CD metric exceeds a
pre-defined threshold, the GNSS signal could be detected. Thus, the code phase
and Doppler frequency corresponding to the detected signal could be obtained.

3. Collaborative Positioning Approach
3.1. Concept of Collaborative Positioning

There are different ways of addressing the Collaborative Positioning problem.
For example, in [9] the collaboration between receivers is performed in both
signal processing and measurement level, and each receiver processes the in-
coming satellite signal (1 ms signal) with a correlation engine before sending its
data to others. The concept of a multi-platform signal and trajectory estimation
receiver (MUSTER) is introduced in [9] where relative navigation states between
individual receiver nodes contain large uncertainties (100 m position uncertain-
ty). In [10], CP techniques are analyzed for robust GPS positioning in vehicular
ad-hoc networks (VANET) based on the range communications infrastructure.
In fact, an algorithm that supports CP across a VANET is developed in [10]: a
Cramer Rao Lower Bound analysis is carried out to demonstrate the perform-
ance of the CP architecture where standalone GPS positions and inter-node dis-
tances are combined in a loosely coupled integration architecture. A new para-
digm around how some devices (smartphones, cameras, gaming devices, etc.)
can cooperate with each other to improve their ability to compute position and
navigate is developed in [11]. In fact, the cooperation is performed at the posi-
tion-engine level and on the case when measurements are not synchronized in
time. The basic idea in [11] is to demonstrate two scenarios: a receiver with
“strong” measurement data (good condition) can assist a receiver with “weak”
measurement data (in difficulty) to compute its location and two receivers with
“weak” measurement data (poor condition) can cooperate to improve their posi-
tioning accuracy and reliability. They have demonstrated that receivers can co-
operate to compute their GNSS positions in some challenging environments
where non-cooperative GNSS receivers fail. Other sensors with extended Kal-
man filter are used in [12] to assure continuous, accurate and reliable PNT even
in GNSS-challenged environments, and enable robust cooperative navigation in-
cluding seamless transition between different types of navigation platforms that
navigate together. Some statistical network-based collaborative navigation algo-
rithms are proposed and compared to Kalman filter in [13].

In the next section, the new CP approach we propose in this paper will be de-

veloped. This approach is different from all that we have mentioned above in
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such that it relies on the application of the CD method.

3.2. Principle of Collaborative Positioning Using CD Approach

The code delay estimation for all satellites requires several information from the
reference station, such as the RS position for setting the initial MS spatial uncer-
tainty, the pseudorange measurements for all visible satellites as seen from the
RS, and ephemeris to extract the necessary parameters to compute the expected
satellite azimuth and elevation angles. The reference frequency from the RS is
also required to calibrate the MS oscillator and compensate the oscillator Dop-
pler offset component. The benefit of the CD application is shown in Equations
(7) and (8). In fact, weak satellite signals may not be detectable in conventional
receivers with only individual correlator output value given by (7). However, the
accumulation of all individual detection metrics for each visible satellite can in-
crease the sensitivity of the receiver using (8) in which the summation operator
represents the term “Collective” in Collective Detection.

Taking into account the ability of the CD approach to process very weak
GNSS signals, the following points were the three main reasons that led us to
apply the CD principle in the concept of collaborative/cooperative positioning.

1) Position of satellites: study of the best methods for calculating the ap-
proximate positions of satellites without decoding the navigation message using
the available ephemeris from a previous epoch or received via the internet.

2) Multi-user collaboration: several users share the information (signal, meas-
urements, ephemeris, etc.) to calculate the PVT (Position Velocity Time) of each
one that could not be calculated without cooperation [14] [15].

3) Selection of satellites. select the best satellites to be detected in order to
eliminate those which will contribute little to the sensitivity of the receiver and
to reduce the search space in the position-clock bias domain. This process is
performed after the correlation but before the calculation of the collective metric
in (E, N, clock bias).

Knowing that the use of a mobile reference station in the CD approach is in-
deed possible, as demonstrated in [5] [16], this paper will consider fixed and
mobile receivers.

In this paper, CD approach (presented in Section II) with a mobile RS is ap-
plied as a CP method. Indeed, two or more receivers can be used as a reference
station to help the MS to estimate its position while applying the CD approach
(DP without passing through the tracking stage), where the concept of CP.

3.2.1. CD Approach with a Single Mobile Reference Station

The CD process used to determine the MS position is as follows. Each candidate
point coordinate (potential position and clock bias) is mapped to the code delay
and Doppler space for each visible satellite. Figure 3 shows the projection of the
signal code delay to the position/clock bias domain of the MS w.r.t the pseudo-
range measurements provided by the RS. Since the first proposal of CD, all

works used a representation in Cartesian coordinates (North-East referential) for
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Figure 3. Mapping of the MS code delay search to position/clock bias and pseudorange
domains.

the horizontal position search space, and a new representation in polar coordi-
nates (Rho-Theta) was proposed in [7] in order to decrease considerably the to-
tal number of points to evaluate. The CD process using the circular search space
is described as follows.

In our case, the local horizontal search is a polar Rho-theta referential instead
of North-East referential. In this way, AN and AE are expressed in terms of
Rand 0 [7]:

AN =R -cos(6)
: ©)
AE =R -sin (9)
Then, using (5) yields to [7]:
Ap, (R,0,AD,AB)
=—Rcos(el, )| cos(az, )cos(6)+sin(az, )sin(0) ] +sin(el, ) AD +c-AB (10)
=—Rcos(el, )cos(az, —0)+sin(el, ) AD +c-AB

In order to simplify operations, we neglect the vertical component for the
time-being, then [7]:

Ap, =—Rcos(el, )cos(az, —6)+c-AB (11)

Thus, the estimated code delay for satellite & for a hypothetical location
(R.6,,AD,.AB,) is given by [7]:

Jj° m?
i |:pRS,k +Ap, (Ri’gj’ADM’AB” >l»r‘ y
z'k: c-T we.Nwde

code

(12)

In order to reduce the number of candidate points in the search area, let’s
consider B as the maximum code phase error in chips that can be acceptable
in CD process and Ap,, ... the maximum error of the geometrical difference
between ppg; and p,q,. Based on the relation between the code phase and

the differential pseudorange, we have [7]:
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iApeH‘,maX _ iApeH‘,maX
“ oy o T e
c-T we T

code chip

= (13)
Then, for each candidate point in the search grid, the candidate code delay for
each satellite is calculated as [7]:

A Apk(Rnej’ABn’ﬁ)
Tk: c-T "V code

code

(14)

Finally, if the estimated code delay can be within + chips of the true code
delay, then the correlation output is expressed as:

=0;+f
D,, (Riﬂe/"ABn’ﬂ) = Z

=ty =

2

(15)

S(2 74 )

where ﬁ,k represents the estimated Doppler frequency that needs to be con-
sidered in a more realistic case. In the case where the reference is fixed, the Dop-
pler is assumed to be correctly estimated and search in Doppler is not required
during the CD process. This is why in Equations (7) and (8) the individual and
collective detection metrics are only calculated according to the code delay. The
CD metric is then obtained by the sum of individual detection metric for all visi-
ble satellites.

3.2.2. CD Approach with Multiple Reference Stations
In the case where there are several reference receivers (1 references), the MS can
use them to help estimating its position using their respective measurements as a
CP concept. The implementation of the CD approach requires some information
provided by both reference stations, such as their pseudorange measurements
for all visible satellites, positions, and ephemeris. A summary of the inputs and
outputs of this process is shown in Figure 4.

Reference frequencies may be necessary in some cases to calibrate the MS os-

cillator and compensate the oscillator offset component. Coarse time can also be

From RS1 From RSn

RS1 Pseudoranges RSn Pseudoranges
RS1 Position RSn Position
Ephemeris Ephemeris

(Reference Frequency) (Reference Frequency)
(Coarse/Fine Time) (Coarse/Fine Time)

From MS COLLECTIVE DETECTION
GNSS IF signal PROCESS

—

1. Position/Clock bias
estimation w.r.t the RS
2. MS visible signals code phase

Figure 4. Inputs and outputs of collective detection.
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sent to permit direct despreading on secondary code sequences (time synchro-
nization within a few milliseconds: £0.5 ms to 2 ms) [7]. In this paper, we only
use the pseudoranges, positions, and ephemeris to run the CD algorithm.
Execution of the CD algorithm in a CP concept can be done in several ways.
In this article, we propose a simple combination approach described as follows.
The range-offset at a position separated by (R,0,AB) from each RS (RS,

RS2, ..., RSn) can be expressed in terms of the position and the clock bias as:
Ap,, =—R cos(el,c’1 )cos(azk’1 -6, ) +c-AB,

Ap,, =-R, cos(elk’z)cos(azk)2 —t9z)+c-AB2 (16)

Ap,,, =—R, cos (elk’n )cos (azk’n -0, ) +c-AB,

Thus, the estimated code delay for satellite & for a hypothetical location
(R.0,.AD

m?>

AB,) corresponding to each RS is:

, |:pRSI,k +Ap,, (RI’Q/’ADWNABI)J

fk = c- Tc ode ot ’ Ncode
R |:pRSZ,k +Ap, (Ri’a/’ADm’ABI )l.T
T, = e Ncode (17)

code

c-T

R I:pRSn,k +Ap,, (Riﬂej’ADm’ABl )lr
- — Tk N

code

So, the correlation output is function of the code delay estimated by using
both RS, and is expressed as:

2

G4+ || R R
Dind (Rn‘gjnABlv:B): Z ZS(fZ,de) (18)
r=t,—p || n=1

The CD metric is then calculated in the intersection area of all the search grid

corresponding to each reference station, Ze. S, 1S, (1---(1S,, and defined as:

DCD(Ri,ej,AB,,,ﬁ)=;{ iZDM(f:, i )} (19)
.

In order to improve the results, we can consider a second case in which a
weight is assigned to each code delay according to the better estimated code de-
lay of each RS from the MS, w,,w,,---,w, corresponding respectively to RS1,
RS2, ..., RSn. In this case, the code delay used for the individual detection is
calculated as a function of the n calculated delays corresponding to each RS. We
assign a higher cost for RS that has more accurate code delays, ie. which has the

slightest error between the true value and the estimated value. So,
T, =Wt + Wyt et w, T (20)

where the values of w, vary according to the estimated phase code for each RS,
such that > % w =1.
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Knowing that the information coming from different reference stations may
have different levels of reliability, weighting coefficients are useful to merge the
estimated code delay corresponding to each RS in the individual and collective
detection metrics. Thus, the weights related to the aiding quality (accuracy of

code delay), inspired by [17], can be expressed as:
1

(21)

where w, (7) represents the proper weights for the code delay estimate corre-
sponding to each RS, o,(7) is the standard deviation of the estimated code
delay corresponding to each RS, and the coefficient z is used to obtain a unitary
sum of all weights. Indeed, according to the values of o, (7), weighting coeffi-

cients inversely proportional to them can be used as:

R
/ 2i0,(0) 2

Note that the MS computes the code delay estimate corresponding to each RS

(expressed in Equation (17)) and combine them during the collective acquisition
(expressed in Equations (18) and (19)). The choice of the assigned weight costs
may depend on several criteria on the quality of the corresponding reference sta-
tion (low cost or professional receivers, acceptable margin of error, receivers that
know their position with very high precision, etc.).

In the case where the values of the code delay errors are almost the same for
all reference stations, another simpler approach can be used by using constant
weights while performing the arithmetic average of the code delay correspond-

ing to all reference stations Ze.

3.3. Application Case: Collective Detection Using Two Reference
Stations

Taking into account the three points mentioned in the previous section, in order
to study the effectiveness of the CD approach within the concept of CP, let us
consider the case of two receivers (RS1 and RS2) assisting a receiver (MS) in dif-
ficulty. Depending on the position of RS1 and RS2 relative to the user, some
cases can be considered. In all cases, MS is still in the intersection area of RS1
and RS2. In other words, the intersection of RS1 and RS2 is the new search grid
area to determine the position of the MS.

In CD, by carrying out the projection to position domain, two representations
of horizontal position search can be used: Cartesian coordinates (rectangular
search area) [3] [4] or polar coordinates (circular search area) [7]. When polar
coordinates are used, it has been shown that the total number of points eva-
luated decreases considerably [7]. This is why, in this work, we chose to adopt

the technique developed in [7] in order to minimize the uncertainty area where
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the MS position search is performed. For circular search, the uncertainty area is
even smaller compared to rectangular search. Both cases are shown in Figure 5.

The CD process for estimating the position of the MS can be performed in
two ways:

1) Case 1: both RSs measurements are used in the CP/CD algorithm;

2) Case 2: both RSs are used to define the search area but only one in the
CP/CD algorithm.

3.3.1.Case 1

In this case, RS1 and RS2 are used to reduce the search space and each receiver
sends their information to the MS to calculate the delay 7, . Based on the code
delay calculated according to the position of each reference station, it is neces-
sary to choose the best operation within MS. We must just assume that the two
RS receivers are well synchronized in good satellites visibility.

This corresponds to the case described previously concerning the approach of
CD with multiple receivers but considering a particular case of n = 2. The esti-
mation of the code delay is calculated according to the position of both reference
station; and the computation of the individual and collective detection metrics
are performed by merging the measurements of the two reference stations.

At each iteration, the grid resolution is reduced (values of Rand 6).

3.3.2. Case 2
In this case, RS1 is used to determine the initial uncertainty area and the RS2 is
used only to reduce the search space, and a single RS is used to calculate the de-

lay 7, .In this case:

Part not used for search process
(hatched in red)

New search grid
(uncertainty area)
(hatched in blue)

Figure 5. Motivation of using the collective detection approach as collaborative positioning method.
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e Both circles are used to calculate the uncertainty area in which the MS posi-
tion is estimated;

e A single circle is used in the following two iterations using the CD approach
in [7] based on the polar coordinates by limiting only the variation values of
R (radial) and @ (angle) according to the defined uncertainty area to reduce
the number of calculations to be performed, in order to have a complexity
gain.

e At each iteration, the grid resolution is reduced (values of Rand 6).

The assistance of both RS1 and RS2 is only necessary during the first iteration.
This is to take advantage of a high probability of better satellites existence,
knowing the higher numbers of mobile receivers in urban areas, in order to re-
duce the search space of the MS position.

Consider the scenario of Figure 6 to show how the position of MS is calcu-
lated by considering the assistance of RS1 and RS2 which are located at the cen-
ters of the blue and orange circles respectively.

Now, a mathematical model of the intersecting surface of the two horizontal
search areas (striped part in green on Figure 6) should be defined. In Figure 7, d
represents the distance between both reference stations.

The collective detection metric, which is a function of R and 6, is calculated as
follows. Instead of varying R and & over all possible values, in order to have a gain
in terms of calculation number, the CD metric is calculated only according to:

e Ris delimited by the hatched region (ACB and ADB arcs) instead of scan-
ning all the values of R;

e (@varies between the angle HOB and HOA instead of scanning all the an-
glesin [0,2x].

Thus, the collective detection metric should be calculated under the following

conditions:

Figure 6. RS1 and RS2 search areas with reduced area where the MS search is performed.
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-C<x<D
-B<y<A
(x—a)2+(y—b)2 <R}
(x—a') +(y-b) <R

(23)

Note that in the case of two receivers as RS, we assume that: b=0 and
b'=0.
The surface of the intersection zone where the values of R and & vary, ie

where the search of the MS position is carried out, is equivalent to [18]:

Iys =R} cos((d” =R +RY) 2dR, |+ R} (cos™ (@ + R, — R?) [2dR,

) o)

In the case where R, =R,, ie. the distance between RS1 and MS is equal to
that between RS2 and MS, /,; becomes:

Ips =2R} cos™ (d/2R)) —%d,/4Rf -d’ (25)

Then, after performing the 1* iteration in the surface delimited 7, , the 2™

(24)

and 3™ iteration is carried out using (15) and (16) while reducing the uncertainty
area and the resolution search grid in order to have a finer estimate.
Note that the use of two reference stations is interesting only if d <R, +R,,

which could be easily determined by the CD metric calculation.

4. Experimental Results and Analysis

To demonstrate the feasibility of the proposed strategy for CD application cor-
responding to the two cases described above, tests with simulated and real sig-
nals have been performed. To test the performance of the CP/CD algorithm by
applying the case 1, simulated satellite signals in MATLAB were used. For the
case 2, real GNSS signals were used. For a better analysis of the proposed algo-
rithms, performance analysis in terms of sensitivity, complexity and accuracy

were carried out.

4.1. Case Study 1: CP Based on CD Using the 2 RS in the Entire CD
Process

For the experimental analysis, the MS is located at ETS Montreal coordinates
(N45°49'40.35", W73°5627.70", 73.90 m); RS1 and RS2 are respectively set to be
at (N45°49'52.18", W73°56'84.34", 76 m) and (N45°49'44.52", W73°55'77.60", 72
m). A mask angle of 10° is applied in the execution of the CP/CD algorithm. In
order to analyze the performance of the proposed CP/CD algorithm, a compari-
son of CD algorithm using a single RS and the CP/CD algorithm using the
measurements from both references together has been carried out. In this case,
the measurements of both RS are merged throughout the CD process. Collective
acquisition is performed by three iterations while refining the search space at

each iteration until an accurate estimate of the MS position can be obtained as
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shown in Table 1.

4.1.1. CP/CD Sensitivity Analysis

According to the concept of the Collective Detection as a HS acquisition method,
the goal of CP/CD approach is to facilitate the acquisition of weak signals by us-
ing strong signals received by all reference stations. So, to analyze the receiver
performance in terms of sensitivity, the probability of detection in function of
CI N, level has to be explored. Weak signals are emulated by injecting AWGN
noise into the correlation outputs of the MS receiver. Three different scenarios
are analyzed depending on the number of satellites and their power as seen in
Table 2:

e Scenario 1: CD with RSI;

e Scenario 2: CD with RS2;

e Scenario 3: CP/CD with RS1 and RS2.

Each scenario is tested with 1000 independent blocks of 1 ms and 10 ms GPS
L1 C/A. Coherent integration during 10 ms is performed in order to increase the
receiver sensitivity. Figure 7(a) and Figure 7(b) show respectively the CD sensi-
tivity analysis corresponding to the three scenarios for 1 ms and 10 ms of co-

herent integration. These curves represent the probability of detection of the

Table 1. Parameters of CP/CD process.

Rough Medium Fine
Item ", . d: . 4 :
1% iteration 2"¢ jteration 3™ jteration
Radial Uncertainty [m] +10,000 +2922 +292
Horizontal
.orlzor‘l 2 Radial Step Size [m] 2922 292 29.2
dimension
Angular Step size [°] 14.4 5.7 5.7
Clock Bias Uncertainty [m] +150,000 +220 +22
Clock Bias
Clock Bias Step Size [m] 440 44 44
Table 2. Received satellites by RS1 and RS2.
RS1 RS2
Satellite signals
Satellite CIN, Satellite CIN,
PRN 3 30 dB-Hz PRN 2 30 dB-Hz
PRN 6 30 dB-Hz PRN 3 30 dB-Hz
Weak signals PRN 7 30 dB-Hz PRN 4 30 dB-Hz
PRN 16 30 dB-Hz
PRN 18 30 dB-Hz
PRN 19 45 dB-Hz PRN 13 45 dB-Hz
PRN 21 45 dB-Hz PRN 16 45 dB-Hz
Strong signals PRN 22 45 dB-Hz PRN 20 45 dB-Hz
PRN 27 45 dB-Hz
PRN 31 45 dB-Hz
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Figure 7. Sensitivity performance of the three scenarios. (a) T = 1 ms; (b) T = 10 ms.

GNSS receiver using CD approach in function of C/ N, after the third iteration.
From Figure 7, it can be seen that the CP/CD algorithm using RS1 and RS2
measurements together is able to get out a good correlation peak in order to de-
tect the weak satellite signal. CP/CD approach in scenario 3 is very beneficial for
short signals of 1 ms in which the difference is very noticeable. The sensitivity
improvements for 1 ms and 10 ms signals are not the same, the difference is
most noticeable for an integration time of 1 ms: +2 dB-Hz and +4 dB-Hz com-
pared to scenario 1 and scenario 2 respectively for 1 ms, +1 dB-Hz and +2

dB-Hz compared to scenario 1 and scenario 2 respectively for 10 ms. This phe-
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nomenon shows the advantage of the CD approach in the acquisition of short
signals. This has already been demonstrated in [8]. We also see that the receiver
sensitivity using scenario 1 is more efficient than that of scenario 2. This is due
to the fact that RS1 receives more satellites (5 weaks and 5 strongs) compared to
RS2 (3 weaks and 3 strongs).

To better analyze the performance of the CP/CD algorithm in terms of sensi-
tivity, it is important to see the ratio between the maximum peak and the aver-
age of the remaining peaks for each detected satellite. This makes it possible to
see the ability of the algorithm to get out the weak signals among the different
peaks formed because of the noises as shown in Figure 8.

The curves in Figure 8 show that the values of the ratio between the maxi-
mum peak and the median CAF of the CP/CD algorithm are higher than the ra-
tio value of the CD algorithm with a single RS (RS1 or RS2). The ratio values for
CD with a single RS (scenario 1 and scenario 2) are the same since the satellite
signals received by each RS have the same powers.

It can thus be deduced that the receiver sensitivity increases considerably with
the number of references whose measurements are merged in the calculation of
the individual detection and collective detection metrics. This could be even
more interesting in the case where the reference stations receive different satel-

lites to have as many satellites as possible at the MS level in the CP/CD process.

4.1.2. CP/CD Complexity Analysis

A comparison between algorithms of CP/CD with RS1-RS2 and CD with RS1 is
a better way to analyze performance in terms of complexity. Each algorithm is
executed according to the simulation parameters described in Table 1. For the
algorithm of “CD with RS1”, there are 52030 candidate points in the estimation
process of the MS position during the three iterations. For the algorithm of
“CP/CD with RS1-RS2”, the estimation of the MS position requires the scan of

B Scenario 1 (CD with RS1)
45| [__]Scenario 2 (CD with RS2)
I Scenario 3 (CP/CD with RS1-RS2)
4l OO S Loeeeeenenis
5. N B B BB N
o 3. MK BN B KB B N
3
i
z 25L...... 1 |N....
B
L P
15 ...
IO I B (N
05k ...
0

PRN 3 PRNG PRN7 PRN 16 PRN 18 PRN 19 PRN 21 PRN 22 PRN 27 PRN 31
Visible satellites

Figure 8. Ratio of maximum peak/average of remaining peaks of the three scenarios.
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46,824 points throughout the three iterations. We then get a gain of 11.12%
(5206 points less to scan) in terms of computing load.

It is important to note that the fact of using the measurements of both refer-
ence stations increases the number of computations in the correlation process
since it is necessary to consider the code delays, calculated in the position do-
main, relative to the two references and corresponding to all visible satellites.
The reduction in complexity is mainly due to the reduction of the search area
that is the intersection of the uncertainty area corresponding to the two refer-

ences.

4.1.3. CP/CD Accuracy Analysis
To analyze the performance of the CP/CD algorithm in terms of accuracy, the
comparison of the horizontal positioning error (HPE) between the “CP/CD with
RS1-RS2” algorithm and the “CD with RS1” algorithm has been conducted. A
mask angle of 10° is applied, and the geometric dilution of precision (GDOP) is
varied (1.5, 10.5 and 20.5) to investigate the effect. Results of accuracy of the po-
sition solutions are obtained using 1000 acquisitions for varying signal levels.
Result values correspond to the position solution achieved 50% and 95% of the
time using 1 ms of data. Table 3 presents the comparison of the HPE between
the proposed CP/CD algorithm and the standard CD approach “CD with RS1”.
Results show that we obtain the same performance in term of accuracy for
both algorithms. In conclusion, using two RSs or more has no impact in the po-
sitioning precision. Indeed, according to the GDOP formed by the available sat-
ellites, the GDOP could be almost the same for the receivers found around the

MS, which makes the horizontal position error almost the same.

4.2. Case Study 2: CP Based on CD Using a Single RS after 1st
Iteration in CD Process

To demonstrate the feasibility of the proposed strategy for CD application, a test
scenario in downtown Montreal was carried out. For testing, we used two re-
ceivers to assist another receiver in poor condition in a deep urban environment.
A bit grabber USRP B210 was used as MS, and two uBlox LEA-6T were used as
RS1 and RS2 (in a good sky visibility) to assist the MS. Raw GPS L1 C/A signal
data was collected from the test setup where signals were attenuated by building
structure. Positions of MS and both RSs are shown in Table 4, and the satellites

received by each reference station are summarized in Table 5. Note that the real

Table 3. Comparison of horizontal positioning error.

50% 95%
GDOP
CD with RS1 CP/CD with RS1-RS2 CD with RS1 CP/CD with RS1-RS2
Good (1.5) 139 m 13.7m 22.7m 22.6 m
High (10.5) 127.8 m 126.9 m 215.1m 214.8 m
Weak (20.5) 2153 m 214.8 m 299.1 m 298.6 m
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Table 4. Main coordinates and distances from both RSs to MS.

Station Latitude Longitude Altitude Distance to MS
MS N45°29'35.6" W73°33'48.4" 83.60 m n/a
RS1 N45°29'39.2" W73°34'08.1" 83.61m 412.03 m
RS2 N45°29'30.5" W73°33'37.0" 83.59m 424.66 m

Table 5. Visible satellites during observation period.

RS1 RS2 MS

Satellite CIN, [dB-Hz] Satellite C/ N, [dB-Hz] Satellite CIN, [dB-Hz]
PRN 2 40.25 PRN 2 40.75

PRN 3 35.75 PRN 3 36.75 PRN 3 35.25
PRN 4 42.25 PRN 4 41.00 PRN 4 38.75
PRN 10 45.00 PRN 10 45.75 PRN 10 45.25
PRN 11 37.75 PRN 11 37.50 PRN 11 35.50
PRN 13 30.50 PRN 13 30.50 PRN 13 30.50
PRN 16 43.50 PRN 16 42.75 PRN 16 42.75
PRN 20 40.75 PRN 20 40.50

PRN 23 44.75 PRN 23 44.25 PRN 23 42.75
PRN 31 38.50 PRN 31 37.50

distances between the receivers are: RS1-RS2 = 816.46 m, RS1-MS = 412.03 m,
and RS2-MS = 424.66 m.

Note that the MS data are obtained from the raw data recorded by the USRP
B210 receiver and then post-processed using [19]. This shows the poor reception
condition of the MS with respect to the two reference stations. The digital IF
signals are used in the CD algorithm as shown in Figure 5. The measurement
campaign was carried out for 2 hours and the values are taken every 20 minutes.
The values presented in Table 5 are the average for the entire observation pe-
riod.

RS1 and RS2 are in good reception conditions and they are used to assist MS
that is placed in an environment where the satellite signals are very weak (7 visi-
ble satellites vs 10 visible satellites). The search grid description is defined in Ta-
ble 1 that summarizes the values we used for the range and step of each compo-
nent for rough, medium and fine search level during 3 iterations.

First, CD process is performed for each of RS1 and RS2 as an assistant to MS.
In order to choose the best reference to be used to help the MS to roughly esti-
mate its position, let us compare the statistical characteristics of results obtained
in code phase estimation from both RS. For that, each CD algorithm is executed
100 times and a mask angle of 10° is applied. At each algorithm execution, 10
satellites are found. Table 6 shows the mean error and the standard deviation of

the difference between the estimated code phase and the true code phase. This
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Table 6. Statistical results of the code phase during CD/CP process.

RS1 RS2
Satellite
Mean error [m] Std. dev. [m] Mean error [m] Std. dev. [m]
PRN 2 2.5000 1.3374 2.8000 1.4710
PRN 3 3.7000 2.0097 3.9000 2.1735
PRN 4 2.4000 1.7435 2.3000 1.6499
PRN 10 4.3000 2.3164 3.9000 2.1337
PRN 11 2.5000 0.8923 2.7000 0.7912
PRN 13 3.2000 2.9982 3.2000 3.0569
PRN 16 2.7000 2.5841 2.7000 2.6601
PRN 20 3.2000 1.2830 3.7000 1.8512
PRN 23 3.9000 3.1319 4.5000 3.2107
PRN 31 1.5000 0.9531 1.8000 0.8414
Mean value 2.99 1.92 3.15 1.98

result makes it possible to analyze the number of correctly estimated code
phases.

The goal is to show whether the presence of two reference stations to help
calculate the user’s position is beneficial in the practical case. To do this, we will
facilitate the process by applying the case 2 presented in Section III.C.2. So, if we
compare the statistical results of the parameters received by each reference, it
can be seen from Table 6 that RS1 provides better results compared to RS2. In
this case, RS2 is used only to determine the search area reduced at the intersec-
tion of RS1 and RS2. Then, RS1 sends its position and ephemeris to the MS so
that it can calculate its position. By performing the CD process, the results of the
iterative method are illustrated in Figure 9, in which the resolution and the un-
certainty are reduced at each iteration.

To analyze the performances of the developed techniques, we will compare
two algorithms in terms of sensitivity, complexity and accuracy. Knowing that
RS1 is the best reference station, the two algorithms are: “CP/CD with RS1-RS2
in 1% iteration and RS1 (ie. best RS) in the last two iterations”, called “CP/CD-
RS1-RS2”; and “CD with RS1 (ie. best RS) during three iterations”, called
“CD-RS1”.

4.2.1. CP/CD Sensitivity Analysis

Comparing the probability of detection in function of C/N, level between the
algorithms of “CP/CD-RS1-RS2” and “CD-RS1”, both algorithms have the same
sensitivity performance. The sensitivity is almost the same since we use the two
RS measurements in the first iteration only, which corresponds to a large resolu-
tion of R and @ as well as the clock-bias. Using two or more references does not
affect enough the sensitivity of the receiver considering the case 2 proposed in

this paper, ie. the reference stations are only used in the first iteration in order
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Figure 9. Application of CD with 2 RSs as a CP approach.

to reduce the uncertainty area to search the candidate points, then a single ref-

erence (the best) is used for the last 2 iterations.

4.2.2. CP/CD Complexity Analysis

As we have seen in Section III.C., it is quite normal that the search area of the
candidate points in the positional domain decreases considerably by using two
or more reference stations. In the horizontal dimension, we observe at the first
iteration a reduction of 2.03 times of the number of scanned points using the al-
gorithm of “CP/CD-RS1-RS2” compared to the algorithm of “CD-RS1”. Indeed,
there are 21,142 points to scan unlike the 42,966 points in “CD-RS1”. There is
the same number of candidate points for the second and third iterations (3390
points). Taking into account the clock-bias, there are a total of 27,922 points to

scan, Z.e. a much smaller number compared to 52,030 points in “CD-RS1”.
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4.2.3. CP/CD Accuracy Analysis

If we compare “CP/CD-RS1-RS2” and “CD-RS1”, there is no difference in accu-
racy performance since both algorithms use the same parameters for the resolu-
tion of R, @and clock-bias as described in Table 1.

With a smaller resolution at the 3 iteration, a smaller horizontal positioning
error (HPE) is obtained compared to another work in literature such as [4] that
is a good reference since it is part of the first detailed work on the CD approach.
So, the resulting HPE of MS is 13.97 m (50%) and 22.36 m (95%) with a GDOP
of 1.5. Result values correspond to the position solution achieved 50% and 95%
of the time using 1 ms of data in 1000 acquisitions. Note that the fact of having a
good precision with respect to [4] is not due to the technique of CP/CD itself but
rather to the approach already proposed in [16].

5. Conclusions

The new strategy of CD application as cooperative positioning meets the re-
quirements of the compromise complexity-sensitivity in CD approach. This idea
also makes it possible to benefit from the existence of several receivers in good
conditions to help a receiver in deep urban area to estimate its position where it
is in practical almost impossible. To achieve this, the RS only transmit its meas-
urements; the MS calculates everything by itself while fusing the data of all ex-
isting reference stations.

In this paper, we have demonstrated that it is possible to use two or more ref-
erence stations simultaneously in estimating the position of a user in difficult
situation based on the CD approach. In the proposed strategy, the results show
that there is a significant gain to reduce the complexity when using more than
one receiver compared to a single reference station because the uncertainty
range is reduced. The reduction of the search area varies according to the posi-
tion of the reference station with respect to the user. This also reduces the num-
ber of calculations while allowing having a good accuracy of the position estima-
tion. The overall gain in complexity depends on the position of the reference sta-
tions relative to the user and especially the resolution of the radius and the angle
for the search in the position domain. For the example in this paper, we were
able to gain 46% of the number of candidate points to be scanned compared to
other works using a single reference. Based on the circular search in the CD
process, the number of scanned candidate points decreases considerably.

There are nevertheless some compromises in the different strategies (case 1
and case 2) proposed in this paper. For example, using the measurements of the
two reference stations increases the sensitivity of the receiver (+1 dB-Hz to +4
dB-Hz corresponding to 1 ms and 10 ms of coherent integration, respectively),
but this can quickly increase the computational load in cases where the resolu-
tions are smaller for a large initial search area. Whereas with finer resolutions for
the radius and angle for the research in the position we were able to have a good
performance in accuracy up to 13.97 m (50%) and 22.36 m (95%).

For the research, we were limited to two RSs receivers for some reasons such
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as lack of equipment and the implementation complexity of the recording sig-
nals that requires perfect synchronization of receivers. Future work to this re-
search will focus on real-time testing with more than two receivers to verify the

practical feasibility and performances over time of these applications.
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