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Abstract: Multipath (MP) is one of the main sources of errors in obtaining precise positioning using global navigation satellite
systems (GNSSs) and continues to be extensively studied. In this study, a fast Fourier transform-based MP detection technique
is proposed. The detector is formulated as a binary hypothesis test under the assumption that the MP exists for a sufficient time
frame that allows its detection. The detection is based on the quadrature arm of the early-minus-late correlator output (Qgn) for
a scalar tracking loop or on the quadrature (Qgm) and/or in-phase arm (/g ) for a vector tracking loop, using an observation
window of N samples. Performance analysis of the proposed detector is done on multiple-ray (up to around 50) MP signals
acquired from the MP environment simulator developed by the German Aerospace Centre (DLR in German). Both scalar and
vector tracking schemes are used. The application of the detection test to exclusion of MP contaminated satellites from the
navigation solution calculation significantly improves positioning accuracy as well as vector tracking performance. This detection
technique can be extended to other GNSSs such as GLONASS, Galileo, and Compass with minor adjustments.

1 Introduction

Multipath (MP) remains one of the main sources of errors in
obtaining precise positioning using the global positioning system
(GPS) and all other global navigation satellite systems (GNSS).
GPS pseudo-range and delta-range measurements can be harshly
compromised by MP signals. In fact, MP signals destroy the
correlation function shape used for time delay estimation. Several
signal processing techniques have been developed to deal with
errors induced by MP signals in a GPS receiver. Three classes of
techniques can be distinguished. The first class relies on detection
of MP. No mitigation is performed but the satellite whose line-of-
sight (LOS) signal is absent or severely affected by secondary
paths is excluded from the calculation of the navigation solution.
Some methods that fall under this class are the early late phase-
based MP detection [1, 2], the analysis of variance-based MP
detection [3, 4], MP detection using elevation enhanced maps [5],
MP detection based on the sequence of successive-time double-
differences [6], MP detection based on the analysis of signal-to-
noise ratio (SNR) fluctuation [7], MP detection using asymmetry in
the slopes of the received signal correlation peak [8], MP detection
based on code minus carrier delta-range measurement [9], and MP
detection using quickest detection theory [10]. The second class of
techniques alters the receiver tracking loop to make it resistant to
MP signals. Some techniques that fall under this class include the
narrow correlator [11], the edge correlator [12], the strobe
correlator [12], the high-resolution correlator [13], the gated
correlator [14], the MP elimination technology [15], the a-
posteriori MP estimation technique [16] and the non-linear
Bayesian tracking loops [17]. The third class is based on joint
detection and estimation of the LOS and/or MP signal parameters
(amplitude, delay, and phase). Examples include the MP estimating
delay lock loop [18], the modified rake delay lock loop [19], the
MP mitigation technology [20], the vision correlator [21], the fast
iterative maximum-likelihood algorithm [22, 23], deconvolution
approaches [24, 25], and frequency domain processing [26, 27].
The approach that is suggested in this paper is a MP detection
technique. It has been partly introduced in [28]. The contribution
comes from the special use of the early-minus-late (EmL)
correlator output and the specification of a frequency domain
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detection metric. As the detector exploits the EmL correlator
output, it is thus based on the detection of a bias on the estimated
code delay but using the post-correlation raw measurement. For the
case of low-receiver dynamics, the impact of these biases may be
attenuated in a receiver that utilises a narrow discriminator and
more if the receiver operates in vector tracking mode and in tight
coupling with an inertial navigation system. For the case of
medium or high-receiver dynamics, the code delay errors are
spread in the frequency domain as the receiver velocity is high.
Power measurements that are obtained from a fast Fourier
transform (FFT)-based power spectral density (PSD) estimator are
therefore interesting. The PSD estimator being able to spot power
increase on the EmL output due to MP presence, a detector based
on it may therefore rightly be utilised to exclude MP contaminated
measurements from the navigator or to control the covariance
matrix of delay and Doppler measurements in the navigator. The
detector is defined under the assumption that the delay locked loop
(DLL) is implemented conjointly with a phase locked loop (PLL)
that is in the lock. Furthermore, the detector is defined by
considering that the EmL correlator output discriminatory nature
will eliminate some of the non-MP interferences that might also
affect it apart from MP. In fact, the EmL output is a discriminator
on its own and it reduces somehow the effects of interference, but
that depends on the early-late chip spacing and on the
autocorrelation function shape. Also, MP is a type of interference
on its own. Depending on whether it is specular or diffuse, it
impacts the carrier to noise ratio (C/Ny) as narrowband or
wideband interference. The proposed FFT-based detector basically
aims at detecting any channel that is contaminated by MP or
interference This paper thus also seeks to show that multipath
interference is the one that mostly mirrors its effect on the EmL
output through experimental results using data from the DLR
multipath model.

The detector is used to exclude MP affected satellites from the
calculation of the position, velocity, and time (PVT) solution. This
approach is, therefore, a post-correlation level anticipatory measure
in comparison with fault detection and exclusion methods and
integrity monitoring methods that are used in the navigator as in
[29-31]. Also, MP estimation techniques, especially those based on
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frequency domain processing, may present a high-computational
burden in comparison with MP detection techniques. Moreover,
MP mitigation that is based on the estimation of the delay and
Doppler frequency of MP signals undergoes the measurement
errors at the output of discriminators [32-34]. MP parameters
estimation accuracy depends on the kind of discriminator that is
used, the noise bandwidth of tracking loops, and the tracking loop
configuration, which do not always take MP presence into account.
Adding to this is the fact that many satellite constellations can now
be jointly used to obtain the PVT solution in one GNSS receiver.
Thus, excluding MP contaminated satellites instead of spending
computational resources to mitigate MP, especially in a vector
tracking context, can be a more suitable approach.

A detection test is proposed for both scalar tracking loop (STL)
and vector tracking loop (VTL). The test metrics are defined using
correlator outputs. For the STL, the quadrature arm of the EmL
correlator output is used in the detector metric. Indeed, for an STL,
depending on the relative phase of the MP signal, the presence of
MP increases the signal power on the quadrature arm of the EmL
correlator output (Qgmr) in comparison with the power that is
usually observed in the absence of MP. This increase in signal
power is used to detect MP with the specification of a proper
threshold. For a VTL both the in-phase and quadrature arms of the
EmL correlator output are utilised in the detector metric. In fact,
for a VTL with a navigator that is not contaminated, the increase in
signal power due to the presence of MP may occur on the in-phase
arm (/gyp) and/or on the quadrature arm (Qgyp) of the EmL
correlator output depending on the delay and phase of the MP
signal. In this study, the tracking scheme that is used for the
experiments conducted using DLR MP data is a vector delay
frequency locked loop and a PLL aided by the navigator, with the
possibility to switch to a scalar DLL and a frequency-assisted PLL.

The rest of the paper is organised as follows. Section 2 presents
the MP model that was used to theoretically assess the performance
of the proposed detection technique before applying it to DLR MP
data. Section 3 explains the link between correlator outputs and MP
detection. In Section 4, the detection approach used for the
proposed detector is described in detail. Section 5 describes the
experimental setup, meaning the GPS software receiver that is used
to run simulations. Section 6 describes the DLR MP model and the
way the data used for experiments were generated. Experimental
results are provided in Section 7. Section 8 gives concluding
remarks.

2 MP model and correlator outputs

In the presence of MP, the low-pass signal entering the correlators
of a GPS tracking channel, neglecting the low-rate data, depends
on the amplitude, code delay, carrier phase, and frequency of LOS
and MP signals and can be expressed as

(see (1)),

where @/(1) = @/0) + 27z ﬁf fi(w)du, L is the number of MP

signals, A,=2P, and A;=.2P; are the LOS and /th MP
amplitudes, Py, P, and f; are, respectively, the power of the LOS,
the power, and frequency of the /th MP signal, C(¢) is the code
division multiple access spreading code, 7,, 7, @, and ¢, are the
time and phase delays induced by the transmission from satellite to
receiver for the LOS and /th MP signals, respectively, @ is the
nominal GPS L1 radial frequency, and w(r) is the zero-mean
additive white Gaussian noise (AWGN) with variance ¢°. Each
tracking channel constitutes a filter that matches the satellite that is
allocated. This matched filter correlates the received signal,
sampled at Fy = 1/T, with a local replica. The signal at the output

= an —oTms
obtained after a coherent integrate-and-dump operation of duration
T,, can be expressed as

(see (2)) ,

where R(-) is the correlation function, Ar,, is the error
between the LOS signal delay and the estimated code replica delay,
Af,, and Af;, are the errors between the LOS (respectively, the
Ith MP) carrier frequency and the estimated carrier replica
frequency, A, is the error between the LOS carrier phase and the
estimated carrier replica phase, &, , is the delay of the /th MP with
respect to the LOS, 6, , is the phase shift of the /th MP with respect
to the LOS, and wp[n] is the post-correlation AWGN. The EmL
correlator output, at an instant of time 7,, can be expressed as

(see (3))

where d is half the early—late chip spacingd =2d (0 < d < 1) in
chips. For simplicity in the correlator outputs notation and ease of
theoretical analysis, it is considered that all MP signals can
combine into a single effective MP. The EmL in-phase and
quadrature outputs can, therefore, be rewritten as

(see (4a)),

(see (4b)) , where the subscript M refers to the MP resulting
from a vector combination of all MP signals that are present,

Ay = \2P(sin(zA f, ,T;,)/sin(zA £, ,T))), and
Ay = \2Py(sin(zA fur o T,)/sin(zA fur oT).

For a VTL in lock with enough healthy channels (non-
contaminated by MP), it can be assumed that the error on the DLL

of the prompt correlator at an instant of time f#,

L
x(1) = AC(t — w)expjp,()] + Z AC(t — m)expljpn)] + w(D), (M

\/ﬁR(ATO )sm(n'Afo,, T,)

]P[n] + JQp[n] sm Af T ) XP(JA(I’O n)
AfLT) @
+ZZI VRPR(AT, = 01,0 o expli(Ago = Ou)] + welnl,
T [n] + jQpmiln] = 2P [R(A%,, + d) = R(ATy , = d)]
sin(zAfo,T,) . L
X Sl T, Ty PAR) + 1; V2P X [R(A7, = 6, + d) 3)
A n+n
~R(ATy, = 61 d)]%e PLiCAGn = 0] + Wi 1],
I ln] = AfR(A7, +d) = R(AT, , ~ d)]cos(Ap,.)
+AM[R(ATO,n - 5M,n + d) - R(ATo,n - 6M,n - d)]COS(A(pO,n - OM,n) (43)

+wr EmL[2],
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Fig. 2 Ig,1, Opmi and |EmL| amplitudes versus MP delay for VTL in the
lock; Ap=1;a = Ayl Ay = 0.5, d = 0.5chip; 0y = 27 f 1,6/ Rc

approaches zero, i.e. that Az, , ~ 0. This means that if it is assumed
that there are enough healthy channels such that the navigator can
estimate the PVT solution with minimal error, this solution allows
correct estimation of the code chip rate in each channel, which
implies that R(Az,, +d) — R(A7,, — d) ~ 0 as well. The EmL in-
phase and quadrature outputs in the presence of at least one MP
contaminated channel, in this case, are given by

IEmL[n] = AM[R( - 5M,n + d) - R( - 5M,n - d)]COS(A¢0,n - gM,n)

+wr EmL[7],
(52)
QEmL[n] = AM[R( - 5M,n + d) - R( - 5M.n - d)]Sin(A%,n - 0M.n)
+wq EmL[?] -
(5b)

In the case of an STL (DLL), the quadrature arm of the EmL
correlator output (4b) is used in the detector metric that is
described in Section 4 because the DLL in lock strives to maintain

the EmL in-phase arm power around zero even in the presence of
MP. For a VTL, the complex output of the EmL correlator output is
used, i.e. the in-phase and quadrature EmL outputs (5a) and (5b)
are considered because the VTL in lock condition would still
register signal power on either the in-phase or quadrature arms in
the presence of at least one MP contaminated channel before
navigator contamination. The complex EmL correlator output, at
an instant of time #,, for a single effective MP, with Az, ,, ~ 0 and
R(A7, , + d) — R(A7, , — d) ~ 0, can be expressed as (see (6)) . The
justification for the use of in-phase and/or quadrature arms in the
detector metric is discussed in the next section.

3 Correlator outputs and MP detection

An analysis of GPS correlator outputs in the absence and in the
presence of MP can lead to the design of MP detection techniques.
In the absence of MP, the in-phase prompt correlator output carries
the LOS signal power.

In the presence of a MP signal, the prompt correlator output is
composed of the sum of the LOS and MP signals and the STL
locking point is adjusted to this sum. As the tracking loop
constantly seeks to bring the quadrature prompt power to an
average close to zero, the quadrature prompt output will have part
of the LOS + MP signal power only for a short transient time
following MP arrival then will get back to an average around zero,
especially in low-dynamic scenarios. If the MP signal is in phase or
opposition of phase with the LOS signal, the quadrature prompt
power will remain close to zero.

The situation in the presence of MP is different for early and
late correlator outputs and consequently for in-phase EmL and
quadrature EmL outputs as can be observed in Fig. 1 for the STL
and in Fig. 2 for the VTL. For the STL (DLL) in lock, in the
presence of MP, the signal energy in the in-phase arm of the EmL
correlator output is around zero and the energy in the quadrature
arm during transient and steady-state times following MP arrival is
significantly higher than in the absence of MP, unless the MP
signal is in phase or opposition of phase with the LOS signal. In
the absence of MP, only noise is observed on the quadrature EmL
output.

A zoom on Fig. 1 shows that the O, output in the presence of
MP oscillates along the different MP delay values between a
maximum and a minimum which depend on the MP to LOS
amplitude ratio a and on the early—late chip spacing 0 = 2d. The
Oemr output is zero when the MP signal is in phase
(6 = 0"+ k360") or opposition of phase (8y, = 180"+ k360°) with
the LOS signal, with £ being an integer. These MP phase values
Oy = 0"+ k360" and G), = 180" + k360°) correspond to MP delay
values Oy = nRc/f1, and &y = (n+ 0.5)Rc/ f1,, with n being an
integer and Rc the code chip rate. Here, the MP phase is related to
MP delay using 0y, = 2z f1,06p/Rc, i.e. it is assumed that the MP
phase is only due to the differential path delay. In general, upon
reflection or diffraction, the MP signal undergoes a relative phase
0y, that either can be modelled using the differential path delay and
reflector and antenna parameters [35] or else can be assumed to be
random [36]. For the VTL with an uncontaminated navigator, both
Igmr and Qg outputs increase in signal power in the presence of
MP as shown in Fig. 2 and when Qg is at zero, Igy is not and
vice versa. This means that for all MP phase or delay values, the

absolute value |[EmL| = /I, + Ofmr increases in amplitude in the
presence of MP.

Ogmiln] = A[R(A7, , + d) — R(A7y, , — d)]sin(Ag,, )
+AM[R(ATO,n - 5M,n + d) - R(ATO.n - 6M,n - d)]Sin(A(ﬂo,n - HM.VI) (4b)

+wo EmLI],

EmL[n] = Igmi[n] + jOrmiIn] = (g — IL), + (O — O

= Ay[R( = 8y1.n + d) — R( = 81, — d)]exp[j(Aey  — Orr.n)] + WemL[1] .
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4 Binary hypothesis tests for MP detection
4.1 Detection test on STL

The detection test is defined based on the fact that in the presence
of a specular MP, the signal power on the quadrature arm of the
EmL correlator output (Qgmnp) increases significantly in
comparison with the normal power that is observed in the absence
of MP, as discussed in Sections 2 and 3. A binary hypothesis test
can, therefore, be defined as follows for an observation window of
N samples and of initial index n

Hy: Qpmi(n) = wo gmL(1),

Hy: Qpmi(n) = s(n) + wo gmL(n), withn € {1,...,N} +ny.

In other terms, under hypothesis Hj, no signal is present on the
Qgmr output, and only noise is observed which implies that no MP
signal is present; whereas under hypothesis H; a signal s(n) plus
noise are observed, which implies the presence of MP. By
assuming that the signal s(n) is a sinusoidal signal, which is the
case in general, the design of the MP detector reduces to a problem
of detection of a sinusoidal signal in AWGN. The FFT detector
[37, 38] that is used in the sonar and radar systems detects the
presence of a signal in the frequency domain and can, therefore, be
rightly applied to GPS MP detection using the above hypotheses
formulation. We propose that the MP detector compute the
periodogram as

1
Q(m) = N|QEmL(m)|2, where

nyp+N-—1 (7)

OgmL(m) = 2 QEmL(n)e—j(znmn/N)’
n=ngy

where Qg1 (m) is the discrete Fourier transform of Qg (n) and is
implemented via an N-point FFT algorithm. The MP detector
subsequently chooses the largest value of Q(m), divides it by the
maximum likelihood estimate (MLE) of noise variance 6 and then
compares the result against a threshold #. The detection test to
decide for Hyy or H; is therefore formulated as

max (Q(m)) max (Q(m))
- Zl n or - F ;0 n, )

where

N
=¥, Z Qumi(n+m)— Q) and Q

N
Z L (1)

The detailed derivation of this detection metric is shown in
Appendix 1. This MP detector is optimum if s(#) is a sinusoid. This
sinusoid may have unknown amplitude, phase and/or frequency,
but optimality requires the frequency to be a bin frequency, i.e. to
be equal to 2zm/N, with m being an integer. Optimum detection
entails that for a given probability of false alarm (PFA), the
detector gives the maximum probability of detection (PD).
The detection threshold is (see Appendix 2 for derivation):

(€

[ [edf™'(1 - PFA/2)]2]
n = exp N -1,

where cdf is the cumulative distribution function of the standard
normal distribution, cdf™! is the inverse cumulative distribution
function, and the PFA. The values of PFA and N have a great
impact on the performance of the detector, and there is a trade-off
between obtaining a high-detection capability and a low false alarm
rate. Increasing the value of N and/or PFA improves the detection
capability of the detector in theory. However, in practice,
increasing the value of N delays the instant, after system
initialisation, when the MP is detected and increases the
complexity of the N-point FFT computation. On the other hand,
increasing PFA may result in many false detection and this may not
be beneficial if the objective is to exclude the MP contaminated
satellites from the navigation solution. One might wind up with
fewer satellites than needed to compute the PVT solution within
acceptable precision ranges. If N is assumed sufficiently large
(N > 32), the PD is given by [37]

PD=2- cdf(cdf" (1 - #) \/SNR)

(10)

—cdf(cdf_ (1 - #) \/SNR),
where SNR is the post-correlation SNR of the Qg output and is
given by SNR = NA*/2¢”. This PD depends on the chosen PFA, on
the amplitude 4 of the signal s(n) on the Qg output, and on the
noise power on that output. This noise power is given by
6" = 6;K(1 —r) [11] where o, = N,fs is the thermal noise power
(N, and fg are noise spectral density and baseband sampling
frequency, respectively), K is the number of correlation points, and
r=1-2d is the level of correlation between the early and late
outputs, d being half the early—late chip spacing. Taking Ay = @A,
in (4b) and ignoring the index » (indicating samples), the amplitude
A of the signal s(n) is given by

A=A
[R(A7 + d) — R(Aty — d)]sin(Ag,)
+a[R(AT) — Sy + d) — R(Aty — Sy — d)]sin(Ag, — Oy) |

where A, = +/CKsin c(zAfT) with C being the LOS power before
correlation, 7 the coherent integration time (K = T'f5) and Af the
error between the LOS carrier frequency and the estimated carrier
replica frequency. The post-correlation SNR at the Qg output
has thus the following expression linking it to the C/Ny: (see (11)) .
Fig. 3 illustrates the PD given different PFA values for different
values of SNR. It can be observed that a high-SNR (consequently
high C/Ny) value increases PD and theoretically the performance of
the MP detector.

4.2 Detection test on VTL

For the VTL, the presence of a specular MP is visible on both the
in-phase and quadrature arms of the EmL correlator output (Qgmr)
if the navigator is not contaminated. The suggested test is like the
one defined for the STL but considers the complex output of the
EmL correlator output.

A binary hypothesis test can be defined as follows for an
observation window of N samples and of initial index

Hy: EmL(n) = wgmr,

H,;: EmL(n) = s(n) + wgyL, withne {l,...N}+n,.

NA® _ C NTsinc(zAfT)

SNR:TGZ‘NOz 2d

786

[R(A7 + d) — R(At — d)]sin(Ag) z
+a[R(AT — 8y + d) — R(AT — 5y — d)]sin(Ag — Oy)

(1D
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Probability of Detection (PD) vs. PFA for different SNR values

Probability of Detection (PD)
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SNR=10dB
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R

0 0.1 02 03 04 05 06 07 08 09 1

Fig. 3 Probability of MP detection versus PFA for different SNRs

As in the STL case, the detector computes the periodogram but this
time based on the complex FFT

Q(m) = %|EmL(m)|2, where

no+N -1 (12)
EmL(m)= ) BmL(me e,

n=ny

EmL(m) is the discrete complex Fourier transform of
EmL(n) = Ign (n) + jOgmL(n). The detector then chooses the
largest value of Q(m), divides it by the MLE of noise variance 6
and then compares the result against a threshold #. The detection
test to decide for H or H is therefore formulated as

M) B g
o H, o Hy
where & = (1/N)YY_ [EmL(n + no) — EmL| and

EmL = (1/N)YY_ EmL(n + n,).
The detection threshold is still

n = exp i

[cdf™'(1 - PFA/2)]2] .

5 Experimental setup: simulation methodology

For evaluating the performance of the detector described in the
previous section, MATLAB simulations are performed using a
software GPS receiver simulator whose architecture is depicted in
Fig. 4. This is a federated (decentralised) architecture, meaning that
each tracking channel has a local estimation filter of the Kalman
family, referred to here as a local estimator. All channels deliver
their measurements to the navigator, which is the master PVT
estimation filter. This receiver is made of a bank of correlators,
discriminators, local estimators (based on a fixed gain Kalman
filter algorithm), code and carrier numerically controlled oscillators
(NCOs), and a navigator based on an extended Kalman filter (EKF)
algorithm. The navigator provides feedback information to code
and carrier NCOs. The DLR MP model is utilised in the trajectory
and environment simulator used as the signal source. This vector
tracking system is enhanced by adding the proposed correlator-
based MP detector and a C/N) estimator that allow the navigator to
exclude unhealthy satellites from PVT computation. This receiver
has the potential to perform scalar tracking and vector tracking.
The used C/N; estimator [39] is based on the second- and
fourth-order moments of the input process to obtain a separate
estimation of the carrier and noise strengths. Let
s[n] = I[n] + jQpln] be the complex signal (process) at the prompt
correlator output. The theoretical formulation of the second- and

IET Radar Sonar Navig., 2018, Vol. 12 Iss. 7, pp. 783-793

Trajectory and
Environment Simulator =

-

[ y

Discriminators

Dy, Dy, Dy J.‘
v

Code & Carrier NCO

=

Local Estimators

tore fpre

Navit 1 Estimator >

Fig. 4 Software GPS receiver simulator architecture

fourth-order moments of this process is M, = E{|s[n]’} and
M, = E{|s[n]|'}. Based on these moments, signal power and noise

power  are defined as  P(My,M,) = \2M; =M, and
P,(My,M,) = M, — P(M,,M,), respectively. The statistical
moments M, and M, are estimated by their respective averages

N N
7= L 2 7= L ‘
M, = Nz; IstF and M, = Nz; Is[21I*. (14)

Also, the C/N, estimate is, therefore

C _ ﬁs(Mz,M4)
m—m. (15)

A threshold of 30 dB-Hz is chosen, meaning that the satellites
whose received signal has an estimated C/N; that is <30 dB-Hz

will be excluded from PVT calculation.

6 DLR MP data used for experiments

This section briefly explains how the synthesised MP data that are
used for experiments in this work were generated via simulations
using the DLR MP Model software.

6.1 DLR MP model

The DLR model is a software tool developed under MATLAB by
the German Aerospace Center (DLR) to allow characterisation of
the propagation channel for wideband signals such as GNSS
signals. The innovative aspect of this model is the synthesis of
statistical data from measurements obtained with deterministic
scenarios. Measurements campaigns were performed in Munich in
2002 using wideband signals (100 MHz) modulated on carriers in
the GNSS band, specifically between 1460 and 1560 MHz (close to
GPS L1). The resulting transmitter was embedded in a Zeppelin
that simulated a moving satellite at an altitude of 4 km. A vehicle
circulated around Munich's streets from the urban canyon to
narrow suburban streets with momentary open sky boulevards,
following the Zeppelin displacement. The latter disappeared and
appeared behind buildings and obstacles that surrounded the
vehicle's trajectory which was assumed to be a straight line locally.
The deterministic aspect of the DLR model intervenes in the direct
path (LOS) modelling and the calculation of the echoes (MP)
parameters evolution. The statistical aspect comes from the number
of generated echoes, their lifetime, and the position and the
attenuation factor of reflectors. The echoes lifetime follows a
probability distribution whose parameters are deduced from
measurements. The attenuation due to a reflector, its bandwidth, its
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Table 1 Constellations simulated with the DLR model

date and time

constellation example no. 1 constellation example no. 2
01/03/2013 from 16:50 to 16:58 04/03/2013 from 08:50 to 08:56

position

visible GPS satellites represented by their pseudorandom noise (PRN) code

IDs

2.23894°E/48.88341°N 2.23894°E/48.88341°N
PRN elevation azimuth PRN elevation azimuth

05 +48.6 198.0 01 +78.5 98.5
o7 +12.1 61.4 17 +32.0 308.9
15 +41.8 2945 23 +21.9 183.8
21 +11.5 307.7 14 +16.2 38.4
28 +53.7 106.0 28 +12.2 259.1
08 +41.8 56.5 20 +69.3 252
09 +55.7 249.4 11 +53.6 137.9
27 +30.0 248.0 32 +78.9 62.1
26 +82.9 353.7

Table 2 Summary of satellites visibility/masking statistics

Environment Dynamics Trajectory Constellation No LOS masking (LOS +

Partial LOS masking (LOS

Total LOS masking

MPs) + MPs) (MPs)
suburban pedestrian fixed point no. 1 3 (33%) 4 (44%) 2 (22%)
no. 2 1(12%) 7 (88%) 0
straight line no. 1 4 (44%) 5 (56%) 0
no. 2 4 (50%) 4 (50%) 0
90° turn no. 1 4 (44%) 5 (56%) 0
no. 2 4 (50%) 4 (50%) 0
vehicle (Car) fixed point no. 1 3 (33%) 5 (56%) 1(11%)
no. 2 4 (50%) 3 (37%) 1(12%)
straight line no. 1 3 (33%) 6 (67%) 0
no. 2 3 (37%) 5 (63%) 0
90° turn no. 1 5 (56%) 4 (44%) 0
no. 2 3 (37%) 5 (63%) 0
urban pedestrian fixed point no. 1 4 (44%) 3 (33%) 2 (22%)
no. 2 6 (75%) 1(12%) 1(12%)
straight line no. 1 3 (33%) 3 (33%) 3 (33%)
no. 2 2 (25%) 6 (75%) 0
90° turn no. 1 2 (22%) 7 (78%) 0
no. 2 3 (37%) 5 (63%) 0
vehicle (Car) fixed point no. 1 3 (33%) 3 (33%) 3 (33%)
no. 2 4 (50%) 4 (50%) 0
straight line no. 1 3 (33%) 4 (44%) 2 (22%)
no. 2 5 (63%) 2 (25%) 1(12%)
90° turn no. 1 4 (44%) 5 (56%) 0
no. 2 4 (50%) 4 (50%) 0

fading factor (Rician factor) and its lifetime (the lifetime of the
echo it generates) are statistically determined from the
measurement campaigns. The echoes delays and phases evolve
following the relative movement of the vehicle with respect to the
position of the reflectors.

6.2 Presentation of data simulated by the DLR software

An analysis of harsh environments as they can be defined by the
DLR model (suburban and urban) for several types of trajectories
(fixed point, straight line displacement, displacement with a 90°
turn) and for two types of dynamics (pedestrian and vehicle) has
been realised by the authors. Simulations of 60 s duration have
been performed for two real constellations to confirm the statistical
validity of results. The constellation details are depicted in Table 1.

The simulations performed with the DLR model made it
possible to reconstruct realistic conditions experienced in harsh
environments. Table 2 summarises the statistics of satellites
visibility/masking  for different environments, dynamics,
trajectories, and constellations. For each of the two constellations,
the number of satellites that undergo either no LOS masking or
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partial LOS masking or total LOS masking is shown. For all these
cases, MP is present.

6.3 DLR data scenarios used in experiments

Table 3 summarises some data scenarios from the DLR model
simulations that are used in the experiments performed to validate
the proposed MP detector and vector tracking solution.

7 Experimental results

The numerous MP environment scenarios that the DLR model
software can generate are used to evaluate the performance of the
proposed detection technique. The scenarios depicted in the figures
and/or tables hereafter involve a pedestrian or a vehicle moving
parallel to the buildings in urban or suburban environments. Figs. 5
and 6 are examples of the behaviour of the detector in the presence
and in the absence of MP signals for both the scalar and vector
tracking loops. Subfigures (a), (b) and (c) depict the parameters
(amplitude, phase, and delay) of the different signal paths (LOS
and MP) for two of the scenarios under study. Amplitude values
are normalised, with the LOS amplitude having a maximum value
of 1 (0 dB). The LOS amplitude is represented in blue. The LOS
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Table 3 Scenarios of DLR data used for experiments

constellation

constellation no. 1

environment suburban urban
Trajectory straight line straight line
dynamics pedestrian vehicle pedestrian vehicle
constant acceleration  constant velocity ~ constant velocity — constant acceleration  constant velocity ~ constant velocity
(0.5 m/s2) (50 km/h) (90 km/h) (0.5 m/s?) (50 km/h) (90 km/h)
Scenarios scenario 1 scenario 2 scenario 3 scenario 4 scenario 5 scenario 6
st feml /q / Channel n°7 Table 4 Chosen practical PFA (threshold) values
_® ! ! STL VTL
s 0
< : : PFA (threshold) 10™4 or 1073 10™4 or 1073
20
0 10 20
5000 i i i i i
g o ! .
5000 I I I I I Table 5 Summary of the detector statistical performance
0 10 20 30 40 50 60 .
04 , , Tracking loop STL, % VTL, %
S00sF - - -d--- - e e ity % FA pedestrian urban (0.5 m/s2) 118 6.95
% 10 2 N m =0 50 vehicle urban (90 km/h) 0.79 0.20
2000 . :
s 5 ! ' ' ' pedestrian suburban (0.5 m/s2) 1.14  9.23
v-zooo : : : , : vehicle suburban (50 km/h) 0.47 3.1
os ‘|° 2|° 3|° 4|0 5|° €0 vehicle suburban (90 km/h) 1.05 1.12
Bogr----d----- R R P i % MD pedestrian urban (0.5 m/s2) 411 3.72
s m > 5 m = %0 vehicle urban (90 km/h) 0.39 0.29
Time [s]

Fig. 5 Scenario 5 — moving vehicle (50 km/h) — urban environment,
channel 7 (PRN09)

(a) LOS and MP amplitudes in dB, () LOS and MP phases in rad, (¢) LOS and MP
delays in s, (d) Quadrature EmL power, (e) Detector metric and threshold (STL, N=
1024, PFA = 1074, estimated C/N( =45 dB-Hz, then around 40 dB-Hz in the presence
of MP)

vtl /eml /abs / Channel n°6

0 10 20 30 40 50 60
Time [s]

Fig. 6 Scenario 2 — moving vehicle (50 km/h) — suburban environment,
channel 6 (PRN0S)

(a) LOS and MP amplitudes in dB, (b) LOS and MP phases in rad, (¢) LOS and MP
delays in s, (d) [EmL| power, (e) Detector metric and threshold (VTL, N= 1024, PFA

= 10_4, estimated C/Ng =45 dB-Hz, then around 40 dB-Hz in the presence of MP)

phase and delay parameters are represented in cyan colour. The two
scenarios from the DLR MP environment simulator are defined to
allow MP to appear around the 25th tracking second in Fig. 5 for
the STL — Channel 7 (PRN09) and around the 30th second in Fig. 6
for the VTL — Channel 6 (PRNOS). Subfigures (d) and (e) show
that the detector performs as expected. The test metric values start
below the threshold for the 25 (respectively, 30) tracking seconds
where only the LOS signal is present then go above threshold
around the 25th (respectively, 30th) second and the rest of the time.
This is in accordance with the signal power increase on the Qgpr
arm (STL case) and the increase in the absolute value of EmL
(VTL case) which also occur around the 25th (respectively, 30th)
tracking second.

IET Radar Sonar Navig., 2018, Vol. 12 Iss. 7, pp. 783-793

pedestrian suburban (0.5 m/s2) 0.37  0.97
vehicle suburban (50 km/h) 0.94 0.15
vehicle suburban (90 km/h) 0.40 0.46

More experiments are conducted for different DLR MP
scenarios  (environment-trajectory-dynamics) to  statistically
formulate the expected percentages of false alarms (% FA) and
percentages of missed detection (% MD) for the proposed detector
applied to both STL and VTL tracking schemes. Based on these
experimental results, the PFAs (thresholds) in Table 4 have been
chosen as practical for maximising the detection ability of the
detector. The recorded % FA and % MD with these chosen
threshold values used on different DLR MP scenarios are
summarised in Table 5.

Table 5 shows for the examined scenarios that the maximum %
FA is 9.23% and the maximum % MD is 4.11%. The average % FA
is 2.41% and the average % MD is 1.18%. These numerical figures
show that the proposed detector exhibits good performance and can
rightly be used to spot MP effect in a GNSS receiver.

The solution proposed in this study is mostly appropriate for a
multi-constellation receiver. In a multi-constellation setting, the
number of potentially available satellites is high. Consequently, at a
PVT calculation instant of time #,, there is a high probability to
have a reasonable number of satellites that are unaffected by MP
and that can be used in the PVT. If the number of healthy satellites
decreases significantly, the MP detector threshold can be
momentarily raised or the EKF algorithm can be set to base its
PVT on prediction until better measurement conditions are
restored. The proposed detector is tested in a GPS receiver first
(see Constellation No. 1). To create scenarios that will allow
comparison between a vector tracking architecture that uses signal
quality indicators (a C/N estimator and an MP detector) to exclude
MP affected satellites and one that does not, Scenarios 1 to 6 (see
Table 3) are slightly modified in experimental simulations. The
modification allows only 4 out of 9 available satellites to undergo
MPs. Although the five remaining satellites are not MP affected,
they do undergo LOS masking occasionally according to the DLR
environment settings.

Fig. 7a depicts earth centred earth fixed (ECEF) position and
velocity errors for Scenario 1 for the VTL tracking scheme,
without the use of the C/N,, estimator and MP detector, i.e. without
unhealthy channel exclusion from PVT calculation (red lines) and
then with the use of a C/N, estimator and MP detector, i.e. with

789

This is an open access article published by the IET under the Creative Commons Attribution -NonCommercial License

(http://creativecommons.org/licenses/by-nc/3.0/)

85U80|7 SUOWIWOD A1Fe81D 3|edldde aup Aq peusenob ae ssppiie YO ‘8sN Jo Se|nJ 1oy AriqiT8ulUO A8]1M UO (SUOTPUOD-pUe-SLLBIAL0D A8 1M ATeJq 1 jeUl UO//:SANY) SUORIPUOD pue swie | 8L 88S *[6202/20/20] uo Arigiauliuo A1 ‘ABojouyoe L JO AseAIUN aueMUs | Aq 6/€0°2TOZ USI-BI/6Y0T OT/I0PAW0D A8 | IM AeIq 1 BuI U0 YD Jessa .1 1//:Sdny Wwolj pepeojumod ‘2 ‘8TOZ ‘Z6.8TS.T



unhealthy channel exclusion (black lines). Table 6 provides
numerical values of error means and standard deviations (STD) for
Scenarios 1 and 3. It can be observed that the magnitude of
positioning errors (position and velocity) when there is no
exclusion (peaks in the hundreds of metres or metres/second) is far
bigger than when there is an exclusion (average of a few metres or
metres/s).

Fig. 7b, which shows position and velocity errors for Scenario 2
demonstrates that under very harsh MP conditions, the EKF
algorithm in the navigator may diverge. However, the exclusion of
MP contaminated satellites from PVT calculation corrects this
divergence problem and improves the PVT accuracy from a
magnitude of kilometres and km/s to a few metres and m/s. Fig. 7¢
shows, for Scenario 6, the number of satellites that are considered
healthy by the quality indicators at each PVT computation time and
that are therefore included in the calculation. Out of the 9 visible
satellites of Constellation 1, the number of used satellites is varying
between 4 and 9.

The improvement of PVT accuracy from the exclusion of
unhealthy satellites has an interesting consequence: it improves

ECEF XYZ Position Errors [m] ECEF XYZ Velocity Errors [m/s]

‘= No MP exclusion
5 500} 0 m— MP exclusion
x V -200)

] 10 20 30 40 50 60 0 10 20 30 40 50 60

" —l\‘ '_VJ\ —

40 50 60 0 10 20 40 50 60

¥

Zer

30
Time [s]
x10° ECEF XYZ Position Errors [m] x10°  ECEF XYZ Velocity Errors [mis]

‘= No MP exclusion
EE———— 9 —

10 20 30 40 50 60 h 10 20 30 40 50 60

Yer

Nr of satellites in PVT

Fig. 7 Positioning performance
(a) Scenario 1, VTL ECEF position and velocity errors, (b) Scenario 2, VTL ECEF
position and velocity errors, (¢) Scenario 6, VTL, number of satellites used in PVT

vector tracking performance because the estimation of tracking
parameters benefits from a more accurate PVT. It should be
mentioned that although MP contaminated satellites are excluded
from PVT calculation, they continue being tracked by the VTL.
Subfigures (a), (b) and (c) of Fig. 8 illustrate code delay, carrier
phase and carrier frequency tracking errors of six satellites of
Constellation 1 before exclusion of unhealthy satellites from PVT
(red lines) and after exclusion (black lines). It is clearly observed
that in general, the magnitude of tracking errors decreases as PVT
accuracy improves. This is particularly noticeable for the phase
tracking errors.

The improvement in carrier phase tracking is a very useful
result as it improves the VTL capability to perform carrier
suppression and achieve navigation data demodulation. This
feature of the proposed solution is not illustrated as real GPS
signals with ephemeris data were not used in the experiments. The
use of real GPS signals would confirm this assertion.

The performance of the EKF algorithm and the EKF algorithm
used with the proposed MP detector (EKF-DET) is also evaluated
based on the root mean square error (RMSE) of their position
estimations in Fig. 9. The curves that are provided give a measure
of the algorithms convergence time and show their asymptotic
behaviour. The figures are based on the mean square error (MSE)
value of the three-dimensional position vector defined as follows:

oy =E{(p—p)'(p-p)}=ci+0,+2,

where o}, 0, and o; are the MSEs of the ECEF X, Y and Z position
coordinates, respectively. The RMSE is therefore computed as
RMSE = \/U—;‘ A corresponding root posterior Cramer—Rao lower
bound (PCRLB) that is based on the XYZ position coordinates is
similarly computed. This /PCRLB is used as a reference for
performance evaluation.

The positioning solutions of the two algorithms are provided for
45 s duration with the navigator operating at a frequency of 100
Hz. Fifty Monte Carlo runs are performed. From Fig. 9, it is clearly
observed that the RMSE of the two algorithms is close to each
other but the EKF combined with the MP detector (EKF-DET)’s
error is lower. In fact, the EKF-DET algorithm's RMSE curve is
closer to the PCRLB than the EKF RMSE curve, meaning that it
exhibits better performance.

8 Conclusion

This study has suggested an FFT-based MP detection technique for
a GPS/GNSS receiver. The application of the detection technique
to GNSS synthesised signals on correlator outputs of the code and
carrier tracking loops (scalar or vector tracking loops) demonstrate
its efficiency in detecting MP contaminated tracking channels. The
proposed detector together with a C/N estimator is applied and
utilised as signal quality indicators to exclude MP contaminated
satellites from the calculation of the PVT solution with a vector
tracking scheme. Consequently, the PVT accuracy improvement is
of great significance. ECEF positioning errors improve from
hundreds or thousands of metres to a few metres. Furthermore, the
improvement in PVT accuracy also reduces code delay, carrier
phase, and carrier frequency tracking errors because for a VTL the
tracking channels receive PVT feedback information from the
navigator. Moreover, a PCRLB-based performance evaluation with

Table 6 Scenarios 1 and 3, VTL (MP exclusion) versus VTL (no MP exclusion): PVT errors

Error Scenario 1 Scenario 3
Exclusion No exclusion Exclusion No exclusion
Mean STD Mean STD Mean STD Mean STD

Position, m X —-0.0958 1.4800 —-2.7000 167.8853 -0.0035 0.0540 -18.9066 59.6467

Y 0.0962 1.0371 6.3050 118.3508 0.0072 0.0674 -14.6505 81.2515

V4 0.0338 1.4036 6.9688 120.2087 -0.0041 0.0797 0.3135 81.5465
Velocity, m/s X  -0.0850 1.2734 5.6048 62.9437 0.0016 0.2334 0.5553 3.5128

Y 0.1861 2.6874 4.5766 43.2995 0.0054 0.2396 0.7804 5.0903

V4 0.1978 2.8808 -3.4923 44.2826 0.0011 0.3011 0.0946 3.8671
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Fig. 8 Tracking errors before and after unhealthy satellites exclusion from
PVT (top to bottom, left to right: PRNO5, PRN15, PRN27, PRNO7, PRN0Y,
PRN26; constellation 1, scenario 1)

(a) Code delay errors, (b) Carrier phase errors, (¢) Carrier frequency errors
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Fig. 9 PCRLB-based performance evaluation, EKF, EKF-DET, and
PCRLB. Scenario 3

Monte Carlo simulations shows that the proposed MP detector
improves the EKF RMSE performance. Also, the detection test can
be applied with minor adjustments to other GNSSS such as
Galileo, GLONASS, and Compass.
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11 Appendices

11.1 Appendix 1: derivation of MP detector metric

The Neyman—Pearson theorem [37] states that for a binary
hypothesis test between two hypotheses H, and H,, to maximise the
PD given a PFA = a, H, is chosen if

_ p(x; H))

The threshold T is derived from PFA = [ .1, 1) p(x; Hy) dx = .
The function L(x) is called the likelihood ratio. It indicates for each
value of x the likelihood of H, versus the likelihood of H,. The test
of (16) is called the likelihood ratio test.

The proposed FFT-based MP detector metric can be derived by
considering that the EmL correlator output is a sinusoid, which is
the case in general. Given the following sinusoidal detection
problem:

Hy: x[n] = w[n],
H,:x[n] = AcosQrfp + @) +wln], withne {0,1,...,N—

where w{n] is white Gaussian noise with known variance o°, for
unknown amplitude 4, phase ¢, and frequency f,, the generalised
likelihood ratio test (GLRT) decides H, if

o) ool

>T,

p(x; Ho) p(x; Hy)
p(x; A, b, for HJ)
Comax ————————> 1,
o p(x; Hy)
- (17)
plx:A g, £ H)
SoInmax ——— > InT,
o p(x; Hy)
P(X; A, . fo Hl)
. max In—— %~ > InT.
fo p(x; Hy)

Let Y(x) = p(x;AA, 43, fooH l)/ p(x; Hy) be the generalised likelihood
ratio. For a random value of f, that is known,
Y(x)= p(x;/i,qg, H,)/p(x; H,) (see equation below). It is shown in
[40] that the MLE of Y(x) for large N is approximately

Az\//}?+/§§ and (i):tan"(_‘éﬂz), (18)

1

where ,él = (2/N) Zf:tol x[n]cos 2z fyn and
B, = QINYXN " x{nlsin 2z f .
Furthermore
| N R .
InY(x) = ln{exp —2—02"20 (x[n] - Acos(ZﬂfOn + ¢)) ]
| N
2
_ln‘exp —FWZOX [n]]},

(see equation below). However
N — 1 A A N — 1 A A
Z x[n]Acos(2;rfon + q[)) = Z x[n]cos(2xfyn)Acos ¢
n=0 n=0
_ l A A
= )" x[nlsinQafyn)Asin .
n=0

Also, cos(tan”'(8)) = 1/4/1 + ¢’ and sin(tan™'(9)) = 6/4/1 + &". By
using (18), Acosqg = /§, and —Asinqg = ﬁz. Thus

N-1

Y xinlAcos(2afyn + §) = g(ﬁf + Bﬁ). (19)

n=0

Moreover, by using the formula of the power of a sinusoidal signal,

nN;()l COSZ(Zﬂ'fOn + gb) can be evaluated. The power of a periodic

sinusoid x[n] = Acos(Zﬂ fon+ gb) is given by

Py =(1IN)Z) ) Acos’(2afon + ).

Furthermore, Euler's formula establishes that

cos(Zﬂfon + ¢) = %[ej‘z”f0”+¢’ + e-ierfore b

. (1/(ZHJZ)N/Z)exp[—(I/ZHZ)ZHN;(,] (xl] = Acos(2afyn + 43))2]
0= (1/(226") Pyexp| - (1/26) T 2, x'In] '
1 N-1 R 2 1 N-1
InY(x) = —2—62;::0 (xln) = Acos(2z . + $)) | + 2—62;::0 [,

1 N-1
lnY(x)= —g

n=0
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Z —2x[n]Acos(2nf0n + ¢) + NEI Azcosz(Zﬂfon + ¢)
n=0
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For a bin frequency, 2xf,=2a(m/N),m=1,2,...,N—1.
Therefore

N-1

Py = N =0A cos (27zf0n + gb)
Py = 4A_,, 3 (ej(lﬂ.fon+12) + e—jaﬂfonﬂﬁ))z,
Py = 4A_( Z— 2J<7zrfon+$) + % :/Z_; ezj<27rf'on+$>)
+W2N’

because for Q, = 2zf, = 0, x[n] = Acos p with N = 1.
Therefore

A? A A A?
Py = 5+ e85, + e85, =
2 2
where
N -
S, = Z 2jexfon _ Z eznzn(m/N)m Let 7, = e2j(zmm/N>)
n=0
N-1 N
z =1
S, = =4 =0 because z=1.
z—1
n=0
N-1 N-1
-2j(2 _2j
S, = 2 e Al 7o _ Z e 2ermINm 1 ot %
n=0 n=0
— eflj(Zﬂ(m/N))’

_11 =0 because z¥=1.

N-1
SR
n=0

In summary, for large N (i.e. N > 2), the power of the periodic
sinusoid x[n] = Acos(2ﬂf0n+ r/)) Aco%(27t(m/N)n+(/>) is given

by Py = (1/N) XN~ A%cos (2ﬂf0n+¢)—A/2 For A= 1, we have

x[n] = cos(27r fon+ ¢) and Py = (1/N) YV~ cos (271' o+ ¢) =1/2
. Therefore

N=1 N N
2 = —

,;o cos’(2zfyn + ) = 5 - (20)

Substitution of (19) and (20) into In Y(x) yields

InY(x)= —

g+ A).

b+ 5)+ T4
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However
o 2\ N-1 2 (N-1 2
b+ p,= (N) ( Z x[n]cos 2z fyn| + Z x[n]sin Zfrfon)
= n=0
o . N-1
P+ B, = NN Z x[n]exp(— J2ﬂf[)n) Q(fu)~
Therefore, In Y(x) = (N/46")(4/N)Q(f,)
In¥(x) = %g( ) @1)

where Q(f,) is the periodogram evaluated at f= f;,. Thus, the GLRT
decides H, if max;, InY(x) > InT .. maxy, (Q(f,)/6") > InT. Let
n = InT be the threshold and the FFT-based detection test proposed
in this paper is obtained as follows:

o 20D )

>pn or max —5— < 7. 22)
fo 4 H fo o Hy

11.2 Appendix 2: derivation of MP detector threshold

For a problem of detection of a signal in white Gaussian noise
formulated by a GLRT that has been reduced to

Nln[1 + _] >y or Nln[l n 52] < 23)
0 1H,

with N being the size of the samples considered in the test, P the
maximum or average signal power estimation metric, and ¢~ the
MLE of noise variance, the detection threshold is given by [37]

= [ear (1 - PFTA)] : 24)

where cdf is the cumulative distribution function of the standard
normal distribution, cdf™' the inverse cumulative distribution
function, and the PFA. Equation (23) can be rewritten as

Ze(f) =1 o S<e(f)-1. (5)

Equation (25) is similar to the defined MP detector metric with the
detection threshold being as follows:

y— exp[ [cdf'(1 — PFA/2)| ] L 26)

N
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