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José Marçal received his MSc Degree in Electrical Engi-
neering at Instituto Superior Técnico (IST), University
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ABSTRACT

The C/N0 estimators in Global Navigation Satellite
System (GNSS) receivers were originally proposed for
environments where the changes of the GNSS signal
power due, for instance, to the varying satellite ele-
vation angle and shadowing effect, are relatively slow.
However, the scenarios corresponding to the presence
of ionospheric scintillation become much more demand-
ing for the receiver tracking loops as the amplitude and
phase of the affected signals experience fast and strong
variations. Typically, amplitude deep fades may occur
at rates above 1 Hz. The goal of this paper is to analyze
the performance of those estimators when the signals

are disturbed by scintillation. Several modifications
are proposed in the paper in order to maintain the
functionality of those algorithms; namely, by replac-
ing the conventional averaging operation with Kalman
smoothing.

1 INTRODUCTION

Ionospheric scintillation is a phenomenon produced
when the wave propagates through a ionosphere vol-
ume with electronic density irregularities, leading to re-
fraction and diffraction of the incident wave, and origi-
nating random group delay and phase advance. These
contributions generate constructive or destructive ef-
fects on the signal, which are sensed by a GNSS receiver
as fluctuating signal amplitude and phase, leading to
poor ranging performance and possibly provoking car-
rier loss of lock.

The estimation of the carrier-to-noise ratio (C/N0) is
important in GNSS receivers as it is used to determine
whether the receiver is operating normally or is in a re-
gion where it is prone to lose carrier lock. In receivers
that monitor the activity of the ionosphere in environ-
ments affected by scintillation, the instantaneous C/N0

estimation is crucial to evaluate the scintillation index
S4 [1]. The index is defined as

S4 =

√
〈I2〉
〈I〉2

− 1 (1)

where 〈·〉 denotes the time average operator (typically
over the period of 60 seconds) and I is the normalized
intensity of the scintillation effect such that

C/N0 = (C/N0)I (2)

with (C/N0) denoting the average value of the C/N0

over the averaging period. In the literature, different
statistical distributions of the amplitude fading

√
I are

considered, including Nakagami-m, Rice, Rayleigh, and
generalized gamma.

Several (C/N0) estimators have been proposed with
emphasis on the narrowband wideband power ratio es-
timator (NWPR) proposed by Dierendonck in [3]. The
papers of Falletti et al. [4] and Islam et al. [6] ana-
lyze the performance of various low complexity C/N0

estimators. All the estimators assume as input the
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responses of the inphase/quadrature prompt correla-
tors. Therein, the evaluation concerns the performance
in normal conditions where the C/N0 is expected to
change relatively slowly compared with the scenarios of
ionospheric scintillation, where sudden amplitude and
phase changes occur very often.

Therefore, it would be interesting to analyze the es-
timators described in [4] and [6] in environments of
ionospheric scintillation, as the ones observed near the
geomagnetic equator or in the polar regions. Obvi-
ously, the operation of averaging that was used by the
estimators in order to diminish the variance of the es-
timation errors has to be avoided, otherwise the esti-
mates would be too much smoothed to have any prac-
tical application. Instead, we propose in this paper to
apply a stochastic smoother based on the Kalman fil-
ter [5], [8]. The smoothing strategy requires that the
samples are processed off-line and was adopted, for in-
stance, in [1]. The advantage of smoothing relative to
the Kalman filtering is that the estimation delays are
eliminated. The simulation results obtained with the
smoothing algorithm show that it is possible to track
the instantaneous C/N0 with good accuracy except,
possibly, during very deep fades where the estimators
may exhibit significant errors. However, at those low
C/N0 values, even a sophisticated receiver tends to lose
carrier lock [2], thus precluding the computation of re-
liable C/N0 estimates.

In order to generate simulated signals affected by
scintillation, a toolbox provided by T. Humphreys,
with the results present in [2] is used. It assumes a
Rician distribution for the amplitude and is used as a
common source for comparing results with other meth-
ods. An important parameter is the correlation time τ
that can model the amplitude’s rate of change, and is
required by the model used. With the values of S4 and
τ , samples can be generated that are a good approx-
imation of typical scintillation scenarios. This is the
model used in the simulations presented in this article.

An example of the C/N0 time sequence generation
with Rician distribution for the amplitude is shown in
Figure 1, for C/N0 = 40dB − Hz with S4 = 0.5 and
0.75.

2 PROBLEM STATEMENT

Figure 2 shows the relevant part of the receiver’s struc-
ture (only one channel is visible) with the part concern-
ing the delay-lock loop (DLL) being omitted for sim-
plicity. In this work we will focus on the gray blocks,
which are the ones related to the C/N0 estimation. In
the next subsections a brief description of the models
used is shown.

2.1 Signal description

Consider that the received GNSS signal is

r(t) = A(t)c(t)d(t) cos(ω0t+ ωdt+ θ) + w(t) (3)
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Figure 1: Examples of the C/N0 time sequence
generation with S4 = 0.5 and 0.75.
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Figure 2: Diagram showing the phase and C/N0

estimation blocks in the receiver (the DLL is
omitted for simplicity).

where A(t) is the amplitude of the modulated sig-
nal, c(t) is the code signal (possibly associated with
a baseband digital modulation), d(t) is the sequence of
navigation data, ω0 and ωd are, respectively, the car-
rier and Doppler frequencies, θ is an unknown phase,
and w(t) is Gaussian noise with power spectral density
Gw(f) = N0/2. Assume a conventional receiver con-
stituted by a bank of DLLs that track the code delay
and a bank of PLLs that track the phase of the incom-
ing signals. The complex signal at the output of the
inphase/quadrature correlators of the PLL unit, for an
integration interval Tint, is described as

r[n] =
√
Pd.D[v] +

√
Pn.η[v] (4)

where Pd is the power associated to the received GNSS
signal. Pn is the noise power with η = ηRe+jηIm being
a complex variable that represents the noise present at
the inphase and quadrature channels. The r.v. ηRe
and ηIm are independent, zero mean, Gaussian, with
common variance N0/Tint.

Assuming perfect code synchronization, D[v] in-
cludes the navigation bit samples with av dependent
on the modulation scheme used and the residual car-
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rier phase error θv, according to

D[v] = av.e
jθv (5)

2.2 C/N0 estimators

In order to estimate the C/N0 from the correlator out-
puts, a selection of low complexity estimators based
on [4] and [6] are used. These estimators try to es-
timate independently the data power and the noise
power through different methods. Without loss of gen-
erality, we will assume that we are working with GPS
C/A signals, and in the algorithms we use a set of N
samples r[v] for estimation, with N being the same for
all the considered estimators.

2.2.1 Beaulieu’s method

In this method the noise power is considered small
when compared to the data power. The signal-plus-
noise power at the sample v is given by

P̂d,v =
1

2

[
(rRe[v])2 + (rRe[v − 1])2

]
(6)

and the noise power can be estimated from two con-
secutive inphase samples:

P̂n,v = (|rRe[v]| − |rRe[v − 1]|)2 (7)

The value of C/N0 is then estimated as

C

N0
=

1

Tint

[
1

N

N∑
v=1

P̂n,v

P̂d,v

]−1
(8)

2.2.2 Squared Signal-to-Noise Variance
(SSNV) method

In this method we estimate the data power and the
total power of the signal from the correlator output. If
the phase tracking error is small enough (this assump-
tion becomes worse with lower carrier to noise ratios),
the data power can be approximated by

P̂d =

[
1

N

N∑
v=1

|rRe[v]|

]2
(9)

while the total power of the signal takes into account
the inphase and quadrature components

P̂t =
1

N

N∑
v=1

|r[v]|2 (10)

Therefore, the noise power can be computed from the
difference of the total power and the data power

P̂n = P̂t − P̂d (11)

and the estimate of the C/N0 is

C

N0
=

1

Tint

P̂d

P̂n
(12)

2.2.3 Moments method

A method that shows good results in environments
where the data power does not dominate absolutely
the noise power is the moments method. It estimates
the second and fourth order moments of the r.v. r[v],
that is, M2 ≡ E{|r[v]|2} and M4 ≡ E{|r[v]|4}, by using
the following time averages

M̂2 =
1

N

N∑
v=1

|r[v]|2 (13)

M̂4 =
1

N

N∑
v=1

|r[v]|4 (14)

The signal power estimates are thus computed as

P̂d =

√
2M̂2

2 − M̂4 (15)

and the noise power estimates as

P̂n = M̂2 − P̂d (16)

The estimate of the carrier to noise ratio from the
data and noise power follows the same expression.

2.2.4 Narrowband-Wideband Power Ratio
(NWPR) Method

It is a commonly used estimator, proposed in [3], that
is used as the reference technique. The narrowband-
wideband power ratio method evaluates the total power
of the process r[n] in two different bandwidths: a wide-
band estimate, taken over a noise bandwidth 1/Tint,
where Tint is the integration time

WBP [k] =

N∑
v=1

|r[kN + v]|2 (17)

and a narrowband estimate, taken over a bandwidth
1/(NTint), given by

NBP [k] =
( N∑
v=1

rRe[kN + v]
)2

+
( N∑
v=1

rIm[kN + v]
)2

(18)
With these two estimates, a random variable is de-

fined as

NP [k] =
NBP [k]

WBP [k]
(19)

with expected value

µNP = E {NP [k]} =
C
NoNTint + 1
C
NoTint + 1

(20)

The estimated carrier-to-noise ratio is then given by

C

N0
=

1

Tint

µNP − 1

N − µNP
(21)

To diminish the variance of the C/N0 estimates using
(21) further averaging of the r.v. NP [k] is advisable,
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leading to typical values around 1 second for the es-
timates update interval. However, in scintillation sce-
narios this strategy cannot be used as we shall discuss
later on.

2.2.5 Islam’s method (first order)

As in [6] consider

zp =
1

N

N∑
v=1

|r(v)|2 (22)

and

zo =
1

N

N∑
v=1

|r̃(v)|2 (23)

where r̃(v) = r̃Re(v)+jr̃Im(v) is the output of an early
or late inphase/quadrature correlator with sufficiently
large advance or delay regarding the prompt correlator
such that only noise is obtained.

The estimated carrier to noise ratio is given by

C

N0
=

1

Tint

zp − zo
zo

(24)

Figure 3 displays the performance of the different
C/N0 estimators under analysis for a constant closed
loop phase error θn = 5o. Note that all the estima-
tors except the SSNV produce good estimates above
approximately 32 dB-Hz for Tint = 1 ms and N = 20
regardless of the phase error. In contrast, the SSNV
estimator is very sensitive to θn and saturates for large
values of C/N0. Thus, it has to be excluded from the
study as the receivers affected by ionospheric scintil-
lation tend to present significant phase errors, which
are not tracked by the PLL. For C/N0 < 32 dB-Hz the
estimators exhibit different behaviors with the NWPR
showing the best performance. A good estimation in
this region is important in scintillation scenarios during
deep amplitude fades.

2.3 Kalman Smoothing

The estimation of C/N0 in receivers where the incom-
ing signals are affected by scintillation cannot be pro-
cessed, as in nominal conditions, by averaging the esti-
mates over a long time (typically larger than 1 second),
due to the fast changes in the amplitude and phase of
the incoming signals.

A common approach to this problem is to use
Kalman filtering (as in [2]), with the state variable x
representing C/N0 in dBHz. We model its dynamics
as a Brownian motion in log domain:

xn+1 = xn + w (25)

where w is a Gaussian white noise process.
The measurement y[n] is the estimated carrier-to-

noise ratio measured in dB using one of the methods
described above, with additive white noise v[n]. In
order to improve the estimates, and for non real-time
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Figure 3: Performance comparison of the ana-
lyzed C/N0 estimators for a constant phase error
of 5o.

applications, the usage of a Kalman smoother leads to
better results, as it computes the optimal estimation
for each point based on past and future samples, using
all the knowledge available.

Three types of smoothing are, in general, considered
[8]. Essentially, the equations of two Kalman filters
(KF) are propagated in reverse directions: the forward
(conventional) KF and the backward KF. In fixed-
interval smoothing, the initial and final times 0 and
Tf are fixed and the estimate x̂(t|Tf ) is determined,
with t varying from 0 to Tf . In fixed-point smooth-
ing, t is fixed and x̂(t|Tf ) is computed as Tf increases.
In fixed-lag smoothing, x̂(t − ∆|t) is computed as t
increases but ∆ is held fixed. In this work a fixed-
interval Kalman smoother is used, which obtains the
optimal estimate from a batch of all the available mea-
surements (M + 1 observations). The algorithm next
described was proposed by Rauch, Tung, and Striebel
in [9].

i) The filtering step

x̂k|k = x̂k|k−1 +Kk(zk −Hkx̂k|k−1) (26)

with the Kalman gain being

Kk = Pk|k−1H
T
k [HkPk|k−1H

T
k +Rk]−1 (27)

where Pk|k−1 is the covariance matrix of the prediction
step, Hk is the observations matrix, and Rk is the mea-
surements noise covariance matrix. In (26), zk is the
observation at iteration k. The update of the filtering
step covariance matrix is

Pk|k = [I −KkHk]P (k|k − 1), k = 0, . . . ,M (28)

The prediction step of the forward KF is given by
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x̂k+1|k = Φkx̂k|k (29)

Pk+1|k = ΦkPk|kΦTk +Qk (30)

where Qk is the covariance matrix of the dynamics
model noise.

ii) Smoothed state estimate:

x̂k|M = x̂k|k +Ak[x̂k+1|M − x̂k+1|k] (31)

where

Ak = Pk|kΦTk P
−1
k+1|k, k = 0, . . . ,M − 1 (32)

and Φk is the state transition matrix of the forward
KF.

iii) Error covariance matrix propagation:

Pk|M = Pk|k+Ak[Pk+1|M−Pk+1|k]ATk , k = 0, . . . ,M−1
(33)

Notice that the measurements zk appear only in the
equations of the forward KF (see equation (26)). For
the problem in hand the state and observations vectors
are scalar. Besides, Φk = 1, Qk = q, Rk = r and the
filtering and prediction matrices, respectively P (k|k)
and P (k + 1|k), are also scalar.

3 SIMULATION RESULTS

In order to test the performance of the proposed al-
gorithm some simulations were performed, assuming a
static user. A model of the receiver was used, with the
loop filters of the PLLs having a bandwidth of 15 Hz,
while the loop filters of the DLLs have a bandwidth of
0.5 Hz. The sampling rate of the discriminators’ output
is equal to 1000 Hz (integration interval: Tint = 1 ms)
and the rate at which the smoother is updated is 50 Hz
(sampling interval: 20 ms). This means that the num-
ber of samples used for the accumulation in all the
estimators is N = 20.

The plots in Fig. 4 compare the estimated (instan-
taneous) C/N0 obtained with the Beaulieu, moments,
NWPR, and Islam1 estimators with the true values
(black line) for C/N0 = 42 dB-Hz and S4 = 0.75. The
results were provided by the Kalman smoother with
parameters q = 100 and r = 16.

Simulations have shown that, within a large range
of values of q and r, the Kalman smoother perfor-
mance depends mainly on the ratio q/r, with smaller
values leading to a less ”noisy” solution but preventing
the smoother from tracking conveniently sudden C/N0

changes, as it happens with the deep fades.

3.1 C/N0 estimation for different values of S4

In Figure 5 the average bias (mean error) of the esti-
mated C/N0 is plotted versus C/N0 for different values
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Figure 4: Values of C/N0 obtained with different
estimators for C/N0 = 42 dB-Hz and S4 = 0.75.
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Figure 5: Bias of the C/N0 estimates versus
C/N0 for different estimators and S4 values.

of S4. It is interesting to notice that the Beaulieu’s
estimator shows a greater sensitivity to the variation
of S4 in terms of the average error. Islam’s first or-
der method seems to be less affected by the different
values of S4, as it does not resort to the inphase and
quadrature samples at the correlation peak to estimate
the noise power.

In spite of this, a study of the root mean square (rms)
errors is important to characterize each method. Fig-
ure 6 depicts the rms errors versus C/N0 for the same
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set of S4 values (assume the same legend as in Fig.5).
For other lower C/N0 values and low values of S4, the
NWPR method is clearly better, but the first order
Islam’s method is also comparable. The performance
of the moments method when compared to the latter
two methods is similar at higher values of S4, however,
for lower values there is a significant difference. The
number of samples, limited to N = 20 in the scenar-
ios proposed (as the scintillation phenomena does not
allow for more relaxation due to the high dynamics)
leads to a computation of the moments that may be
not as accurate, providing worse C/N0 estimation re-
sults.
A similar problem affects the Beaulieu’s estimator,
where the accumulation of only 20 samples and pos-
terior inversion does not result in so accurate measure-
ments.

3.2 C/N0 estimation for different values of av-
erage C/N0

In Figure 7 the average bias of the estimated C/N0 is
plotted versus S4 for different values of C/N0, using
the legend shown in Fig. 5. The NWPR and Islam1
estimators are bias free, and the moments estimator
shows also good results (only for lower C/N0 values
there is a a slight bias, which is expected as shown in
[4]), while the Beaulieu’s method tends to be biased as
S4 increases, for all the simulation scenarios.

Figure 8 depicts the rms errors versus S4 for the
same set of C/N0 values. It is clear that the first
order Islam’s method and the NWPR method show
consistently better performances (at lower C/N0 val-
ues the NWPR is marginally better), while the mo-
ments method improves the performance with respect
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Figure 7: Bias of the C/N0 estimates versus
C/N0 for different estimators and S4 values.

to C/N0 rms error as C/N0 increases. The Beaulieu’s
method shows again a more severe degradation in the
performance as S4 increases.

3.3 Kalman smoother performance

Finally, a study of the Kalman smoother performance
for different values of C/N0 and S4 was done. In the
simulations, we kept the value of the noise covariance
r constant, and made the process dynamics equal to
q = 100 and q = 1000.
Figure 9 shows the estimator’s performance when the
values of S4 change, for C/N0 = 42 dB-Hz. In this
case, for lower values of S4 there is a consistently bet-
ter performance for q = 100, but as the value of S4

goes over 0.6, the process noise increases, and the fig-
ure shows that the rms errors tend to be the same for
the two smoothers for all the estimators. This suggests
a need for an adaptive Kalman filter when the scintil-
lation intensity is high. This is particularly true for the
cases of deep fading, when the estimators struggle to
keep with the real variation of the C/N0.

Figure 10 exhibits the results of a simulation set with
S4 = 0.75 and varying C/N0. For lower values of
S4, a consistently better performance is observed for
one type of estimator, but in this case, the increased
process dynamics due to the scintillation effect (deep
fading, especially) leads to different best estimators,
depending on the C/N0. Nevertheless, the NWPR es-
timator shows an overall better performance, with the
Islam’s method being also a good choice for C/N0 val-
ues larger than 42 dB-Hz.
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4 CONCLUSION

In this article an analysis of the performance of four
different types of C/N0 estimators is performed, when
the signals are disturbed by ionospheric scintillation.
A Kalman smoother was used with all the methods,
allowing to compare the results with simulated values
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Figure 10: Estimation rms errors of the C/N0

estimates for different estimators and C/N0 val-
ues.

of the instantaneous C/N0 for different values of the
scintillation index S4 and C/N0. Without loss of gener-
ality, the simulations performed in this paper assumed
a Rice distribution for the amplitude fading.

It is shown that, in terms of the performance of the
algorithms, the NWPR estimator, a standard solution
in scintillation-free scenarios, is a good choice for all
the different cases, but the first order Islam’s method is
a very close solution, including even better bias prop-
erties. The moments method has a degraded perfor-
mance in low scintillation situations and in low C/N0

scenarios, as in the paper it needs to compute second
and fourth order moments with only 20 samples due
to the faster dynamics present in the scintillation pro-
cess. Finally, the Beaulieu’s method presents also a
degraded performance when the scintillation level in-
creases, and has more problems in coping with the deep
fading present in scintillation environments.
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