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Abstract—Multipath is one of the major impairments threatening
the integrity of terrestrial Global Navigation Satellite Systems (GNSS).
For this reason, multipath mitigation has attracted the attention of
many researchers, thus leading to outstanding contributions in the past
years. These techniques are useful when the Line of Sight (LOS) is not
obstructed. Otherwise, they are not applicable, and thus we should use
alternatives exploiting Non-Line of Sight (NLOS) conditions. It is for
this reason that the discrimination between LOS and NLOS situations
may be beneficial for integrity in terrestrial GNSS applications. Several
contributions for doing so have been proposed, but relying on external
aid that is not often available in mass-market receivers. In this paper, we
take a leap forward by adopting a transient change detection framework
for discriminating between LOS and NLOS conditions. This is done by
using the Slope Asymmetry Metric (SAM), which can be calculated within
the GNSS receiver at the signal processing level, without using external
aid, thus adequate for mass-market receivers. Numerical results will be
used to validate the proposed solution, contributing to improve the GNSS
integrity in terrestrial environments.

I. I NTRODUCTION
Nowadays, a plethora of Global Navigation Satellite Systems
(GNSS) terrestrial-based liability- and safety-critical applications
have appeared [1]. In these applications it is crucial to have the
capability of providing timely warnings to the user when the system
should not be used; this capability is referred to as the integrity of
the system. To do so in terrestrial environments, it is of paramount
importance to promptly detect any possible anomaly or misleading
behavior that could be endangering the received GNSS signal [2]; we
refer to this capability as the signal integrity.
In this paper, we focus on multipath as the major impairment that
can threat the signal integrity of GNSS in urban environments. In the
past decades, the detection of multipath has attracted the attention of
many researchers. Multipath can be clasifie as Line-of-Sight (LOS),
when the receiver gather both the direct and reflecte signals, and
Non-Line-of-Sight (NLOS), when the direct signal is not received and
only the reflecte signal is gathered. We have previously analyzed
the detection of multipath in a quickest detection framework [3].
Notwithstanding, the discrimination between LOS and NLOS was
not considered. This discrimination can be very helpful for applying
multipath mitigation techniques [4], which are useful when the LOS
is present, or decide to apply techniques for exploiting the NLOS
multipath such as [5].
Recently, several contributions for distinguishing NLOS from LOS
multipath have been proposed. Most of them propose the use of
additional hardware like dual-polarized antennas [6], sky plot cameras
[7], or map information for performing consistency checks at the
measurement level such as in [8]. Nonetheless, the use of external aid
is not often available in mass-market GNSS receivers. Furthermore,
these detection approaches adopt a framework where time is not
explicitly targeted. In order to fulfil the requirements of liabilityor safety-critical applications, though, signal integrity should detect
the occurrence of a threat as soon as possible.
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For integrity purposes, an acceptable detection delay is limited by
a given value 𝑚 of samples. This kind of detection lies on the fiel of
transient change detection. In contrast to quickest change detection
[9], which assumes 𝑚 to be infinite transient change detection deals
with finit 𝑚. We focus here on non-Bayesian approaches, i.e. when
the unknown time 𝑣 at which the change appears is non-random,
perfectly fittin the integrity problem. For this framework, the firs
optimal results were provided very recently in [10] for the particular
case of 𝑚 = 1. For the more general case of f nite 𝑚 > 1, which
is the case of signal integrity, the problem is still open. In [11],
though, was shown that a Finite Moving Average (FMA) stopping
time outperforms other methods available in the literature of transient
detection. In this work, we adopt a transient detection framework for
discriminating between LOS and NLOS multipath by using the Slope
Asymmetry Metric (SAM) -based detection introduced in [3].
Hence, the contribution of this paper is twofold. Firstly, we propose
the use of the SAM for LOS and NLOS multipath discrimination.
This is motivated by the fact that under LOS a mean change of the
SAM prevails, whereas under NLOS conditions a variance change
prevails. Secondly, we propose the use of two FMA stopping times,
working in parallel, one for detecting a change in the mean of the
SAM and another for a change in the variance. This is beneficial
as we will show, to obtain simple expressions for theoretical performance bounds. Otherwise, a closed-form expression is not available.
Thereby, simple performance bounds are provided and assessed by
numerical simulations. Moreover, the outperformance of the proposed
solution with respect to the mean and variance change detection in [3]
is shown. These are novel contributions since the proposed solution
works at the signal processing level, without using additional aid, and
adopts a transient change detection framework easily implementable
in mass-market GNSS receivers.
The rest of the paper is organized as follows: Section II introduces
the signal model for the transient detection based on the SAM metric,
Section III presents the proposed method for discriminating LOS and
NLOS multipath. Finally, Section IV shows the numerical results,
while Section V concludes the paper.
II. S IGNAL M ODEL
as

The received GNSS signal from the 𝑖-th satellite can be modeled
𝑟𝑖 (𝑛) = 𝜂𝐴𝑠𝑖 (𝑛) +

𝑁𝑖
∑

𝐴𝑖,𝑘 𝑠𝑖 (𝑛 − 𝜏𝑖,𝑘 ) 𝑒𝑗𝜓𝑖,𝑘 + 𝑤 (𝑛) ,

(1)

𝑘=1

where 𝑠𝑖 (𝑛) is the complex base-band signal arriving from the 𝑖th satellite, including any time-delay and Doppler deviations, 𝐴 is
the signal amplitude, 𝑁𝑖 is the number of reflecte multipath rays
for the 𝑖-th satellite, and {𝐴𝑖,𝑘 , 𝜏𝑖,𝑘 , 𝜓𝑖,𝑘 } are the amplitude, delay
(given in samples) and phase of each multipath replica, with 𝑤(𝑛) the
noise at the receiver. The signal and multipath amplitudes are related
by the Signal-to-Multipath Ratio (SMR) as SMR𝑖,𝑘 = 𝐴/𝐴𝑖,𝑘 , and
𝜂 = {0, 1} for NLOS and LOS conditions, respectively.
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where 𝑥𝑛 are the SAM observations, 𝜇0 and 𝜎02 are the mean and
variance of the SAM under normal conditions (i.e. ℋ0 ) and 𝜇1,L ,
2
the mean and variance when LOS (i.e. 𝜂 = 1) and NLOS
𝜎1,N
(i.e. 𝜂 = 0) multipath is present (i.e. ℋ1 ), respectively. Thereby,
the appearance of multipath is modeled as a change in the mean
and variance of the SAM observations. We assume, without loss of
generality, that the acceptable detection delay is equal to the transient
change duration 𝑚 and all parameters are known.
A transient change detection procedure is completely define by its
stopping time 𝑇 at which the change is declared, and its performance
is measured in terms of the worst-case probability of missed detection
and false alarm given by [11]
.
ℙmd (𝑇 ) = sup ℙ𝑣 (𝑇 ≥ 𝑣 + 𝑚 − 1∣𝑇 ≥ 𝑣) ,
𝑣≥1
(3)
.
ℙfa (𝑇 ) = sup ℙ∞ (𝑙 ≤ 𝑇 < 𝑙 + 𝑚𝛼 ) ,
𝑙≥1

where 𝑚𝛼 is the period of samples we want to guarantee ℙfa . In this
work, we use the FMA stopping time presented in [11], define as
𝑛
∑
.
.
LLRMV (𝑖), (4)
𝑇MV = inf {𝑛 ≥ 𝑚 : 𝑆𝑛 ≥ ℎ} ; 𝑆𝑛 =
𝑖=𝑛−𝑚+1

with ℎ fi ed for assuring a given level of false alarms, and
LLRMV (𝑛) = 𝑎𝑥2𝑛 + 𝑏𝑥𝑛 + 𝑐,

(5)

with

2
2
𝜎02 𝜇1,L − 𝜎1,N
𝜎1,N
− 𝜎02
𝜇0
; 𝑏=
;
2 2
2 2
2𝜎0 𝜎1,N
𝜎0 𝜎1,N
(6)
)
(
𝜎12 𝜇20 − 𝜎02 𝜇21,L
𝜎0
+
𝑐 = ln
,
2
𝜎1,N
2𝜎02 𝜎1,N
.
where LLRMV (𝑛) = ln(𝑓1 (𝑥𝑛 )/𝑓0 (𝑥𝑛 )) stands for the loglikelihood ratio (LLR) of the observation 𝑥𝑛 .
The exact computation of ℙmd and ℙfa is diff cult, so that the
following bounds are used, given in [11],

𝑎=

ℙmd (𝑇MV ) ≤ 𝛽 (ℎ, 𝑚) ,
ℙfa (𝑇MV ) ≤ 𝛼 (ℎ, 𝑚𝛼 ) ,

(7)

with
𝛽 (ℎ, 𝑚) = ℙ1 (𝑆𝑚 < ℎ) = 𝐹1 (ℎ),
𝛼 (ℎ, 𝑚𝛼 ) = 1 − [ℙ∞ (𝑆𝑚 < ℎ)]𝑚𝛼 = 1 − [𝐹0 (ℎ)]𝑚𝛼 ,

(8)

where 𝐹𝑖 ,∑
with 𝑖 = {0, 1}, is the cumulative density function (cdf)
of 𝑆𝑚 = 𝑚
𝑘=1 LLRMV (𝑘) under hypothesis ℋ𝑖 .
III. LOS AND NLOS M ULTIPATH D ISCRIMINATION
This section investigates the discrimination between LOS and
NLOS multipath, relying on the SAM-based multipath detection. We
firstl characterize the SAM under both LOS and NLOS conditions.
Secondly, we present the proposed stopping time to detect multipath
and to be able to discriminate between LOS and NLOS.
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Let {𝑥𝑛 }𝑛≥1 be an independent and identically distributed (iid)
random sequence observed sequentially. We consider a family
{ℙ𝑣 ∣𝑣 ∈ [1, 2, . . . , ∞]} of probability measures, such that, under
ℙ𝑣 , the observations 𝑥1 , . . . , 𝑥𝑣−1 and 𝑥𝑣+𝑚 , . . . , 𝑥∞ are iid with
a f xed marginal probability density function (pdf) 𝑓0 , with 𝑣 the
deterministic but unknown change time when multipath appears. On
the other hand, 𝑥𝑣 , . . . , 𝑥𝑣+𝑚−1 are iid with another marginal pdf
𝑓1 ∕= 𝑓0 . In this work, we focus on multipath detection relying on
the SAM-based detection introduced in [3], modeled herein as
{
𝒩 (𝜇0 , 𝜎02 )
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ℋ0 :
𝑥𝑛 ∼
, (2)
2
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Fig. 1. Simulated SAM for LOS multipath propagation with one ray with
SMR = 10dB, 𝜏 = 0.6 chips, 𝜓 = 0 rad and C/N0 = 45 dB-Hz.

A. SAM Characterization Under LOS and NLOS Conditions
The SAM is based on the symmetry of the correlation curves
calculated within the GNSS receiver. We know that under ℋ0 this
curve is symmetrical, but it turns to be asymmetrical under ℋ1 . This
is measured by the SAM in such a way that it is close to zero under
ℋ0 , and it departs from zero under ℋ1 . Specificall , when multipath
is present we experience two different effects [12]. That is, under
LOS, the mean of the SAM departs from 0, whereas under NLOS
the variance of the SAM f uctuates. Indeed, as we stated in [3], in both
LOS and NLOS conditions the mean and variance vary, but the mean
change is predominant in LOS propagation (i.e. the deterministic
component prevails), while the variance change is predominant in
NLOS (i.e. random components due to multipath prevails).
In this context, we can clasify the presence of multipath (i.e. ℋ1 )
into two different hypotheses, ℋL and ℋN for LOS and NLOS
conditions, respectively, as follows
⎧
)
(
𝒩( 𝜇0 , 𝜎02 ) if 𝑛 < 𝑣 or 𝑛 > 𝑣 + 𝑚
⎨ ℋ0 :
ℋL : 𝒩 ( 𝜇1,L , 𝜎02 ) if LOS multipath
. (9)
𝑥𝑛 ∼
⎩
2
if NLOS multipath
ℋN : 𝒩 𝜇0 , 𝜎1,N
Based on the previous idea, we can discriminate between LOS and
NLOS identifying whether the mean or variance change in the SAM
is prevalent, respectively. For instance, for the LOS case, we see in
Fig. 1 how the mean change prevails. Indeed, we see a mean change
but the variance is similar. This result is obtained by simulating an
static GNSS receiver with a multipath ray appearing at second 10 with
SMR = 10 dB, 𝜏 = 0.6 chips, 𝜓 = 0 rad, and a carrier-to-noise
ratio (C/N0 ) of 45 dB-Hz (tentative values in urban environments).
Thereby, we can write the following model for the LOS situation
)
(
{
𝒩( 𝜇0 , 𝜎02 ) if 𝑛 < 𝑣 or 𝑛 > 𝑣 + 𝑚
ℋ0 :
𝑥𝑛,L ∼
, (10)
if 𝑣 ≤ 𝑛 ≤ 𝑣 + 𝑚
ℋL : 𝒩 𝜇1,L , 𝜎02
where 𝑥𝑛,L and 𝜇1,L are the SAM metric observations and mean
when LOS multipath is present. That is, we model LOS conditions
as a mean change of the SAM. So, we have the following LLR
𝜇1,L − 𝜇0 (
𝜇1,L + 𝜇0 )
,
(11)
𝑥𝑛,L −
LLRM (𝑛) =
2
𝜎0
2
leading to the following bounds for the probability of missed detec-
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Fig. 2. Simulated SAM for a LOS multipath propagation with one ray with
SMR = 10 dB, 𝜏 = 0.3 chips, 𝜓 = 𝜋 rad and C/N0 = 45 dB-Hz.

tion and false alarms [11]

)
ℎ − 𝑚𝜇M
√
,
2
𝑚𝜎M
)]𝑚𝛼
[ (
ℎ + 𝑚𝜇M
√
𝛼M (ℎ, 𝑚𝛼 ) = 1 − Φ
,
2
𝑚𝜎M

10
Time (Seconds)

(

𝛽M (ℎ, 𝑚) = Φ

20

1
0.8

(13)
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(𝜇1,L − 𝜇0 )
,
2𝜎02
= 2𝜇M .
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with Φ(𝑥) the standard normal cdf evaluated at 𝑥, and
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Fig. 3. Simulated SAM for a LOS multipath propagation with three rays
with SMR = {5, 10, 7} dB, 𝜏 = {0.3, 0.7, 0.4} chips, 𝜓 = {0, 𝜋, 𝜋/2}
rad, C/N0 = 45 dB-Hz and Doppler frequency 𝑓d = 1.38 ⋅ 𝑐 ⋅ 𝜏 ⋅ 𝑡ch mHz,
where 𝑐 = 3𝑒8 m/s and 𝑡ch = 0.9775 𝜇s.

(14)

We have seen from Fig. 1 that no change in the variance is present.
However, there may be situations where the variance may slightly
vary when LOS multipath is present. This is shown in Fig. 2 where
we simulate a LOS multipath ray appearing at second 10, with the
following parameters: SMR = 10 dB, 𝜏 = 0.3 chips, 𝜓 = 𝜋 rad, and
C/N0 = 45 dB-Hz (also tentative). We see how in this case, in addition
to the mean change, the variance of the SAM slightly increases.
Notwithstanding, we see how the mean change is prevalent, so that
(10) is still valid. Similar results are obtained, as it is shown in Fig. 3,
with a more realistic simulation with three multipath rays appearing
at second 10 and SMR = {5, 10, 7} dB, 𝜏 = {0.3, 0.7, 0.4} chips,
𝜓 = {0, 𝜋, 𝜋/2} rad, C/N0 = 45 dB-Hz and a Doppler frequency
𝑓d = 1.38 ⋅ 𝑐 ⋅ 𝜏 ⋅ 𝑡ch mHz, where 𝑐 = 3𝑒8 m/s and 𝑡ch = 0.9775
𝜇s, simulating the movement of the satellite as in [13].
On the other hand, we present in Fig. 4 the results obtained by
simulating a moving receiver approaching the reflecto with a NLOS
multipath ray appearing at second 10 with the following parameters:
SMR = 20–5dB, 𝜏 = 0.7–0.3 chips, 𝜓 = 0–𝜋 rad, and C/N0 = 45
dB-Hz. We see how the variance of the SAM increases abruptly just
when the multipath appears, and then it decreases as the receiver is
approaching the reflecto . Regarding the mean of the SAM, it remains
constant along the whole simulation. Similarly as for the LOS case,
there may be situations where the mean of the SAM slightly varies
under NLOS conditions, but the change in the variance will prevail.
Hence, we can conclude that under NLOS situation, the SAM
experiences a change in the variance, and thus we can write
{
𝒩 (𝜇0 , 𝜎02 )
if 𝑛 < 𝑣 or 𝑛 > 𝑣 + 𝑚
ℋ0 :
, (15)
𝑥𝑛,N ∼
2
) if 𝑣 ≤ 𝑛 ≤ 𝑣 + 𝑚
ℋN : 𝒩 (𝜇0 , 𝜎1,N
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Fig. 4. SAM for a NLOS multipath propagation simulating a moving receiver
approaching the reflecto with the following varying multipath parameters:
SMR = 20–5dB, 𝜏 = 0.7–0.3 chips, 𝜓 = 0–𝜋 rad, and C/N0 = 45 dB-Hz.
2
where 𝑥𝑛,N and 𝜎1,N
stand for the SAM observations and variance
when NLOS multipath is present. Thereby, we have

with

LLRV (𝑛) = 𝛾𝑥2𝑛,N + 𝛿,

(16)

2
𝜎1,N
− 𝜎02
,
2
2𝜎02 𝜎1,N
)
(
𝜎0
,
𝛿 = ln
𝜎1,N

(17)

𝛾=

leading, from (7) and after simple manipulations, to
(
)
ℎ − 𝑚𝛿
𝛽V (ℎ, 𝑚) = Γ𝑚
,
𝑘1
(
)]𝑚𝛼
[
ℎ − 𝑚𝛿
𝛼V (ℎ, 𝑚𝛼 ) = 1 − Γ𝑚
,
𝑘0

(18)
(19)

where Γ𝑚 (𝑥) denotes the cdf of the chi-squared distribution with 𝑚
2
𝛾 and 𝑘0 = 𝜎02 𝛾.
degrees of freedom, 𝑘1 = 𝜎1,N

B. Parallel FMA Stopping Time

where 𝑇M (ℎM ) and 𝑇V (ℎV ) are the stopping times (detection thresholds) for detecting a change in the mean and variance, respectively,
define as
.
𝑇M = inf {𝑛 ≥ 𝑚 : 𝑆𝑛,M ≥ ℎM } ,
(21)
.
𝑇V = inf {𝑛 ≥ 𝑚 : 𝑆𝑛,V ≥ ℎV } ,
with

.
𝑆𝑛,M =
𝑆𝑛,V

.
=

𝑛
∑
𝑖=𝑛−𝑚+1
𝑛
∑

LLRM (𝑖),
(22)

0

10
Worst−case probability of false alarm

Here, based on the previous results, we propose the use of two
different stopping times, working in parallel, one for detecting a
change in the mean of the SAM and another for the variance. Thereby,
we will detect multipath whenever one of the stopping times declares
so, and we will be able to discriminate between LOS or NLOS when
the change in the mean or variance is declared, respectively. To do
so, we defin
.
𝑇P = inf {𝑛 ≥ 𝑚 : {𝑆𝑛,M ≥ ℎM } or {𝑆𝑛,V ≥ ℎV }}
(20)
= min {𝑇M , 𝑇V } ,
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Fig. 5. Numerical simulations of the probability of false alarm ℙfa (𝑇 ) for
the parallel, mean and variance change stopping times, with their respective
bounds in (13) and (19).

LLRV (𝑖),

𝑖=𝑛−𝑚+1

and {LLRM , LLRV } given by (11) and (16), respectively. Thereby,
from (3) and the definitio of 𝑇P in (20), we have
.
ℙmd (𝑇P ) = sup ℙ𝑣 (𝑇P ≥ 𝑣 + 𝑚 − 1∣𝑇P ≥ 𝑣)
𝑣>𝑚
(23)
≤ min {ℙmd (𝑇M ) , ℙmd (𝑇V )} ,
where the inequality follows because despite 𝑇M detected faster than
𝑇V on average, there might be realizations in which 𝑇V detects faster,
or viceversa. Similarly, for ℙfa we have
.
ℙfa (𝑇P ) = sup ℙ∞ (𝑙 ≤ 𝑇P < 𝑙 + 𝑚𝛼 )
𝑙≥𝑚
(24)
≥ max {ℙfa (𝑇M ) , ℙfa (𝑇V )} .
Therefore, since both 𝑇M and 𝑇V are FMA stopping times they
fulfil the bounds in (7), and then
𝛽p,L (ℎM , ℎV , 𝑚) = min {𝛽M (ℎM , 𝑚) , 𝛽V,L (ℎV , 𝑚)} ,

(25)

𝛽p,N (ℎM , ℎV , 𝑚) = min {𝛽M,N (ℎM , 𝑚) , 𝛽V (ℎV , 𝑚)} ,

(26)

with 𝛽p,L and 𝛽p,N the upper bound for ℙmd (𝑇P ) under LOS and
NLOS conditions, respectively, {𝛽M , 𝛽V } given by (12) and (18),
respectively, and {𝛽M,N , 𝛽V,L } the upper-bound for ℙmd (𝑇M ) and
ℙmd (𝑇V ) under NLOS and LOS conditions, respectively, given by
)
(
ℎM + 𝑚𝜇M
√
,
(27)
𝛽M,N (ℎM , 𝑚) = Φ
𝑚˜
𝜎
(
)
ℎV − 𝑚𝛿
𝛽V,L (ℎV , 𝑚) = Γ𝑚
;𝜆 ,
(28)
𝑘0
2
2
(𝜎1,N
/𝜎02 ) and Γ𝑚 (𝑥; 𝜆) the cdf of the non-central chiwith 𝜎
˜ 2 = 𝜎M
squared distribution with non-central parameter 𝜆 = 𝑚(𝜇21,L /𝜎0 ).
Similarly, ℙfa (𝑇P ) is upper-bounded by

𝛼p (ℎM , ℎV , 𝑚𝛼 ) = max {𝛼M (ℎM , 𝑚𝛼 ) , 𝛼V (ℎV , 𝑚𝛼 )} ,

(29)

since the bounds 𝛼M and 𝛼V are the same in both LOS and NLOS
cases. Nevertheless, from (24) we have a lower-bound, and then this
result will be only true when the change in the mean or variance is
much greater than the other, which is our case for the SAM, and then
(24) turns out to be an equality.

Finally, it is worth mentioning that the main interest for using the
parallel stopping time presented in (20) is due to the discrimination
between LOS and NLOS multipath detection. Nonetheless, it is also
motivated by the fact that the bounds for ℙmd and ℙfa in (7) for 𝑇MV
are complicated to obtain in a closed-form. This is because for 𝑇MV ,
we should obtain the distribution of the summation of a non-central
chi-squared and Gaussian random variables (see (5)), which is not
a trivial problem. Notwithstanding, the bounds for 𝑇M and 𝑇V in
(21), previously obtained, can be easily computed from the standard
Gaussian and chi-squared cdfs. Therefore, the use of the parallel
stopping time also extremely reduces the complexity for computing
the performance bounds.
IV. N UMERICAL R ESULTS
The goal of this section is to f rstly asses the goodness of
the theoretical bounds in Section III by making use of numerical
simulations. Secondly, the proposed parallel stopping time 𝑇P in (20)
is compared with the stopping time for detecting a change in both the
mean and variance of the SAM 𝑇MV in (4) and the stopping times
for detecting a change in either the mean or variance of the SAM
𝑇M or 𝑇V in (21). All the simulation parameters used for the SAM
are motivated by the obtained results in Section III.
A. CASE1: Goodness of performance bounds
Here, we assess the goodness of the theoretical bounds, proposed in
Section III, with numerical simulations of the worst-case probability
of missed detection ℙmd (𝑇 ) and false alarm for a given duration 𝑚𝛼 ,
ℙfa (𝑇 ). We f x ℎM = ℎV = ℎ so that we can compare 𝑇M , 𝑇V and
𝑇P with a common threshold. Fig. 5 shows ℙfa as a function of the
detection threshold ℎ. This probability is compared with the bounds
for 𝑇M , 𝑇V and 𝑇P given by (13), (19) and (29), respectively. We
use the following parameters: 𝜇0 = 0, 𝜇1,L = 0.15, 𝜎02 = 5𝑒 − 3 and
2
= 17𝜎02 . We see how the proposed bound for ℙfa is fulfille
𝜎1,N
with all the stopping times. Indeed, we see how for small values of
threshold ℎ, ℙfa (𝑇V ) is greater than ℙfa (𝑇M ), and then the upperbound for the parallel stopping time 𝑇P is given by the bound for
𝑇V in (19). On the other hand, for big ℎ, 𝑇M gives worse ℙfa , so
that the bound for 𝑇P is given by the bound for 𝑇M in (13).
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Fig. 8. ROC under LOS conditions for the analyzed stopping times with
2
= 12𝜎02 .
𝜇0 = 0, 𝜇1,L = 0.15, 𝜎02 = 4𝑒 − 3 and 𝜎1,N
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Fig. 7. Numerical simulations of ℙmd (𝑇 ) for the considered stopping times
under NLOS conditions, with their respective bounds in (27) and (18).

Similar results are obtained for ℙmd , under LOS conditions, in Fig.
6. That is, for small ℎ, 𝑇V gives better ℙmd , and then ℙmd (𝑇P ) is
upper-bounded by the bound for 𝑇V in (28). For big ℎ, 𝑇M provides
the lowest ℙmd , and then the bound for 𝑇P is given by the bound
for 𝑇M in (12). Finally, Fig. 7 shows ℙmd for the case of NLOS
conditions. We see how in this case the 𝑇V always gives the best
results, in terms of missed detection, and then the bound for the
parallel stopping time is given by the bound for 𝑇V in (18).
B. CASE2: ROC Comparison
Now, we compare 𝑇P , in terms of ℙmd as a function of ℙfa , henceforth referred as to the Receiver Operating Characteristic (ROC), with
𝑇MV , 𝑇M and 𝑇V . For computing the ROC, we fi ℎM and ℎV from
(13) and (16), respectively, as
√
)
(
2
Φ (1 − 𝛼)1/𝑚𝛼 − 𝑚𝜇M ,
ℎM = 𝑚𝜎M
(30)
(
)
ℎV = 𝑘0 Γ𝑚 (1 − 𝛼)1/𝑚𝛼 + 𝑚𝛿,

Probability of Missed Detection

−2

10

−5

−3

10

ROC (NLOS Conditions)

0

−1

10
−10

Variance change FMA
M&V change FMA
Parallel FMA
Mean change FMA

10

10

−4

−3

10

−4

10

10

−2

10

10

NLOS Conditions

0

−1

10

10

Fig. 6. Numerical simulations of the probability of missed detection ℙmd (𝑇 )
for the considered stopping times under LOS conditions, with their respective
bounds in (12) and (28).
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Fig. 9. ROC under NLOS conditions for the analyzed stopping times with
2
= 12𝜎02 .
𝜇0 = 0, 𝜇1,L = 0.15, 𝜎02 = 4𝑒 − 3 and 𝜎1,N

with 𝛼 taking values from 10−4 to 1. Then, we numerically obtain
ℙmd and ℙfa with 106 Monte-Carlo runs. Fig. 8 and Fig. 9 show the
ROC for each analyzed stopping time for LOS and NLOS conditions,
respectively, with the following parameters: 𝜇0 = 0, 𝜇1,L = 0.15,
2
= 12𝜎02 .
𝜎02 = 4𝑒 − 3 and 𝜎1,N
We see in Fig. 8 how for the LOS case 𝑇P outperforms 𝑇MV . This
is because there is not change in variance, and then the model used
for 𝑇MV is not actually true, hindering the detection. Meanwhile,
𝑇P approaches 𝑇M , which provides the best results in terms of
ROC. Furthermore, we see in Fig. 9 that for the NLOS case, the
𝑇MV slightly outperforms the parallel stopping time. In this case, the
difference in terms of performance between 𝑇M and 𝑇V is huge, and
then 𝑇P is badly affected by the poor performance of 𝑇M , whereas
for 𝑇MV this difference make it to approach 𝑇V , which produce the
best results in terms of ROC.
In order to consider those cases where the variance under LOS
conditions vary, on the one hand we show in Fig. 10 the results for
2
= 12𝜎02
the ROC with: 𝜇0 = 0, 𝜇1,L = 0.2, 𝜎02 = 4𝑒 − 3, 𝜎1,N
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Fig. 10. ROC under LOS conditions for the analyzed stopping times with
2
2
= 12𝜎02 and 𝜎1,L
= 2𝜎02 .
𝜇0 = 0, 𝜇1,L = 0.2, 𝜎02 = 4𝑒 − 3, 𝜎1,N
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using two FMA stopping times, one for detecting a mean change
and another for a variance change of the SAM. This is motivated
by the fact that the SAM experiences a mean change under LOS
conditions, whereas it experiences a variance change under NLOS
conditions, which has been shown by realistic simulations. Theoretical bounds for the probability of missed detection and false alarm for
the considered stopping times have been proposed and numerically
assessed. Moreover, we have compared with numerical simulations
the performance in terms of ROC of the considered stopping times
for different scenarios of practical interest. These simulations have
confirme the outperformance of the proposed solution, with respect
to the solution for detecting a change in both the mean and variance
of the SAM. Therefore, the use of the proposed solution may benefi
those applications where the discrimination between LOS and NLOS
multipath is of interest, such as GNSS integrity, drastically reducing
the complexity for computing the performance bounds, which is a key
factor in integrity algorithms. Otherwise we should use the stopping
time for detecting both changes in the mean and variance, which has
not a trivial expression for the performance bounds. Moreover, the
proposed solution does not rely on external aid, which is a novel
aspect since so far the contributions for discimiating between LOS
and NLOS conditons make use of some external aid, which is not
often available in mass-market GNSS receivers.
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Fig. 11. ROC under NLOS conditions for the analyzed stopping times with
2
2
= 12𝜎02 and 𝜎1,L
= 2𝜎02 .
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2
2
and 𝜎1,L
= 2𝜎02 , with 𝜎1,L
the variance under LOS multipath (i.e.
2
𝜎0 in (10)). We see that 𝑇P still outperforms 𝑇MV , but slightly less
than previously. This is so because we have included a change in
the variance and then the 𝑇MV is benefited but not enough as for
outperforming 𝑇P . On the other hand, in Fig. 11, we see that for
the NLOS case both 𝑇P and 𝑇MV provides similar performance. It
is worth noting that the parameters used for these simulations are
intended to provide qualitative results. In practice, the cases where
the variance vary under LOS conditions is linked with a change in
the mean greater than that simulated (see Fig. 2). Hence, in practice,
under LOS conditions the difference between 𝑇P and 𝑇MV will be
greater, and then 𝑇P will still outperform even with larger changes
in the variance.

V. C ONCLUSIONS
This paper has investigated the problem of discriminating between
LOS and NLOS multipath conditions in GNSS receivers. To do so,
we have proposed a novel transient change detection framework by

[1] G. Seco-Granados, J. A. López-Salcedo, D. Jiménez-Baños, and
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“Multipath detection metrics and attenuation analysis using a GPS
snapshot receiver in harsh environments,” in IEEE EuCAP, 2009, pp.
3692–3696.
[13] R. D. J. Van Nee, “Multipath effects on GPS code phase measurements,”
Navigation, vol. 39, no. 2, pp. 177–190, 1992.

