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Abstract. One of the main earth stations that INPE uses to
track and control its satellites is located in the city of Cuiabá
(15.33◦S, 56.46◦W, dip latitude, 6.1◦S), between the mag-
netic equator and the peak of the equatorial anomaly. Based
on the GISM model, it is determined that the ionospheric
scintillation index (S4) for the telemetry link in the S band
(2 208 MHz) between Cuiabá station and the SCD2 satellite,
depending on the date and time, can reach values greater than
0.8. This is the first study conducted on ionospheric S-band
scintillation in this region of the earth. In this article, the
channel model for the link and the telemetry receiver archi-
tecture are presented, in order to evaluate subsequently some
of ionospheric scintillation effects on the functioning of the
communication system. The modulation used is OQPSK and
a fully-digital demodulator recovers the carrier phase using
a Costas loop and synchronizes the symbols using a Gardner
synchronizer. The design of OQPSK demodulator is detailed
and the impact of ionospheric scintillation on general demod-
ulator performance and on the functioning of its modules is
discussed. The system bit error rate, the error variances of
the carrier phase and symbol delay in different conditions of
severity of ionospheric scintillation were figured out through
computer simulation. From the presented results, it is evi-
dent that, for the adopted receiver architecture, which was
designed for a space channel without scintillation, there is
a substancial degradation on performance of the system even
for S4 = 0.5 and, for the scenario where S4 = 0.8, the link
becomes practically inoperative.
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1. Introduction
Irregularities in the density of electrons in the iono-

sphere affect the propagation of electromagnetic waves in the
space communication links and can cause rapid fluctuations

in the amplitude and phase of the received signal. This
phenomenon is called ionospheric scintillation, significantly
impairs communications in the VHF and UHF bands, and is
more intense in the regions around the magnetic equator and
in the auroral / polar zones [1–3].

Low latitude scintillation is called equatorial scintilla-
tion and is completely different in terms of the generation
mechanism, intensity and statistics from high latitude scin-
tillation [4], [5]. This type of scintillation depends on the
frequency of the signal, the season, the solar cycle and usu-
ally happens after sunset. In geographic terms, its inten-
sity increases with increasing latitude, measured from the
magnetic equator, and it has maximum intensity at points
corresponding to the peak of the equatorial anomaly [6].

Brazil is one of themost susceptible countries to equato-
rial scintillation because its territory extends along the mag-
netic equator [7]. The main earth station that INPE (National
Institute for Space Research) uses to track and control its
satellites is located in the city of Cuiabá (15.33◦S, 56.46◦W,
dip latitude, 6.1◦S), in the midwest region of Brazil, between
the magnetic equator and the peak of the equatorial anomaly.

The papers [6–8] have demonstrated the frequent oc-
currence of equatorial scintillation at Cuiabá area for the
L band, specifically in the operating frequencies of the GNSS
systems. Therefore, due to the proximity of the L band
(1–2GHz) to the S band (2–4GHz), it is reasonable to as-
sume that there is also some degree of scintillation in this
spectral band. However, there are no studies that present
scintillation intensity measurements for the S band in this
region, despite the INPE station in Cuiabá using the frequen-
cies of 2 033MHz and 2 208MHz for uplink and downlink,
respectively, in the service telecommunication links (teleme-
try, tracking and command) [9].

It is well known in the literature that ionospheric scintil-
lation degrades the performance of spatial links in the VHF
and UHF bands [3, 10–12]. Distortions caused by scin-
tillation in the amplitude and phase of the received signal
deteriorates the synchronization of the receivers in addition
to having a direct effect on the bit error rate of the systems.
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For equatorial scintillation, the impact of amplitude distor-
tion on the functioning of the receiver is usually greater than
the one caused by phase distortion [11]. The resulting at-
tenuation in the received signal, in case of great scintillation
severity, can be greater than 30 dB, which may result in the
complete interruption of the link [3].

The effects of ionospheric scintillation on the function-
ing of GNSS system receivers have been extensively studied
in recent years [3, 13–17] and several techniques to mitigate
these effects have been proposed, such as those described in
references [18–20], among others. However, the literature
is not abundant in studies on the ionospheric scintillation
effects in applications involving transionospheric links that
are intended for services other than GNSS systems. The
impacts of ionospheric scintillation on the performance of
some telecommunications systems can be found in the arti-
cles [10, 15–17, 21–24] but there is none specific to telemetry
communication in S-band.

The central motivation of this research is to investigate
the ionospheric scintillation intensity in the S-band telemetry
link of the Cuiabá station in Brazil and to evaluate the impacts
of this phenomenon on the receiver station functioning and
performance. It is assumed that this link uses OQPSK (Offset
Quadrature Phase Shift Keying) modulation with baseband
pulse formatting [25], bit rate of 10Mbps, following the rec-
ommendations of the Consultative Committee for Space Data
System (CCSDS) [26]. From the architecture of the OQPSK
demodulator, that was designed for space channel without
scintillation, the bit error rate, the performance of the carrier
phase recovery and the symbol synchronizer are determined
for different scintillation intensity scenarios.

Due to the lack of real measurements of the scintilla-
tion intensity in the downlink frequency of the Cuiabá station
(2 208MHz), the GISM model (Global Ionospheric Scintil-
lation Model) [27] was used to make estimates of parameter
𝑆4, which is normally used to define the scintillation inten-
sity in terms of amplitude. Different orbits for the satellite
of interest and several different conditions of solar flux were
considered in this estimate.

The main contributions of this work are the estimation
of the scintillation intensity (𝑆4) for a S-band link at the
Cuiabá-Brazil station in a specific condition of solar activity,
the detailing of the architecture and operation of the OQPSK
demomodulator used in the link and the determination of the
demodulator performance in terms of symbol synchroniza-
tion, carrier recovery and bit error rate for some scintillation
intensity scenarios.

This work is organized as follows: in Sec. 2, the channel
model is presented, including the statistical description of the
scintillation effects on the received signal. The methodology
used to estimate 𝑆4 at Cuiabá station for the satellite of in-
terest is described in Sec. 3. In Sec. 4, the architecture of
the receiver used in the telemetry link is detailed. The re-
sults of the computer simulations to verify the performance

of the system with different degrees of scintillation intensity
are presented and discussed in Sec. 5. In Sec. 6, the article
is concluded.

2. Channel Model
The effect of scintillation on the OQPSK modulated

carrier at the symbol rate of 1/𝑇 = 5Msps can be modeled
as a flat fading whose magnitude follows the Rice distribu-
tion [28]. Assuming that 𝑠𝑙 (𝑡) represents the transmitted
baseband signal, the received baseband signal is given by

𝑟𝑙 (𝑡) = 𝑎(𝑡)ej𝜃 (𝑡)𝑐(𝑡)𝑠𝑙 (𝑡 − 𝜏) + 𝑛𝑙 (𝑡) (1)

where, 𝑎(𝑡) indicates the attenuation in free space, 𝜃 (𝑡) cor-
responds to the phase and frequency offset, including the
Doppler shift, and 𝜏 is the delay due to propagation. The
scintillation effect is modeled by 𝑐(𝑡), while 𝑛𝑙 (𝑡) describes
thermal noise, awhite, complexwhiteGaussian process, with
zero mean and power spectral density equals to 𝑁0.

The signal 𝑐(𝑡) is a complex coloredGaussian stochastic
process, with a non-zero mean that can be expressed by [28]

𝑐(𝑡) = 𝐴e𝜙 + 𝑑 (𝑡) (2)

where 𝐴 is a constant proportional to the amplitude of the part
of the signal that reaches the receiver directly through the line
of sight (specular component), 𝜙 is a random variable uni-
formly distributed between −𝜋 and +𝜋 and 𝑑 (𝑡) is a complex
Gaussian process, null mean and variance 2𝜎2, associated
with the part of the signal that undergoes dispersion (multi-
path component) until it reaches the receiver. Assuming the
conservation of power of the transmitted signal, we have

𝐸
{
| 𝑐(𝑡) |2

}
= 𝐴2 + 2𝜎2 = 1 (3)

where 𝐸{𝑥} is the statistical average of 𝑥. Since the angular
distribution of the scattered signal is approximately Gaussian
for circular antennas [29], the autocorrelation function of the
process 𝑑 (𝑡) is given by

𝑅d (𝜏) = 𝐸 {𝑑 (𝑡)𝑑∗ (𝑡 + 𝜏)} = 2𝜎2e−(𝜏/𝜏0)2 (4)

where the asterisk indicates the complex conjugate operation
and 𝜏0 is the decorrelation time. The value of 𝜏0 depends on
the frequency of the signal and, for equatorial scintillation
during the night, it can be determined by the expression [29]:

𝜏0 = 0.1 𝑓 /250 (5)

where 𝑓 is the signal frequency in MHz. For the case under
study, 𝑓 = 2 208MHz, and 𝜏0 � 0.883 s is obtained.

The magnitude of 𝑐(𝑡), denoted by 𝛼 = |𝑐(𝑡) |, follows
the Rice distribution and its probability density function is
expressed by [28]

𝑝𝛼 (𝛼) = 2𝛼(1 + 𝐾)e−𝐾−𝛼2 (1+𝐾) 𝐼0
[
2𝛼

√︁
𝐾 (1 + 𝐾)

]
(6)

where 𝐾 = 𝐴2/2𝜎2 is the Rician parameter and 𝐼0 [.] is the
modified Bessel function of the first type and zero order.
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The scintillation index 𝑆4 is defined by [12]

𝑆4 =

√︄
⟨𝐼2⟩ − ⟨𝐼⟩2

⟨𝐼⟩2
(7)

where 𝐼 = 𝛼2 and the operator ⟨.⟩ is the mean over the time.
The Rician 𝐾 parameter is related to the scintillation index
𝑆4 by the following equation [30]:

𝐾 =

√︃
1 − 𝑆42/

(
1 −

√︃
1 − 𝑆24

)
. (8)

The model for generating 𝑐[𝑖], the discrete version of
process 𝑐(𝑡), used in the numerical simulations of this work,
is represented in Fig. 1. Noise generator blocks I and II
produce sequences of white Gaussian noise samples, inde-
pendent of each other, with zero mean and variance equal to
0.5. The output of the Noise generator II is multiplied by
j =

√
−1 in order to obtain samples of white and complex

Gaussian noise with zero mean and unit variance. This new
noise is filtered by the Gaussian filter (unit power gain) and
then multiplied by the constant 𝑘1 =

√
2𝜎, resulting in the

stochastic process 𝑑 [𝑖] which corresponds to the discretized
process 𝑑 (𝑡). The process autocorrelation function follows
a Gaussian function, described by (4), with a correlation time
equals to 𝜏0 = 0.883 s. Finally, the constant 𝐴e 𝑗 𝜙 is added to
the samples of 𝑑 [𝑖], related to the specular component of the
signal, as described in (2), resulting in process 𝑐[𝑖].

The Gaussian filter is implemented by a discrete FIR
filter with an impulsive response containing 256 taps, deter-
mined from the equations presented in [28]. The sampling
frequency used in this generator is equal to 50Hz.

𝑗

𝑑 𝑖

Noise

Generator I

Noise

Generator II

Gaussian

Filter

𝑘1

𝐴𝑒𝑗𝜙

𝑐 𝑖

Fig. 1. Model for generating scintillation effects.
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Fig. 2. Magnitude and phase of 𝑐 [𝑖 ] for 𝑆4 = 0.8.

The generator setting is made as follows: a- first, define
the value of 𝑆4; b- using (8), 𝐾 is determined; c- the constant
𝑘1 is given by 𝑘1 =

√
2𝜎 =

√︁
1/(1 + 𝐾); d- the specular

component is calculated by 𝐴 =
√
2𝜎2𝐾 with 𝜙 = 0.

Figure 2 shows the magnitude and phase of 𝑐[𝑖] for
a period of 60 s and are determined by the model described
in Fig. 1 in the condition of 𝑆4 = 0.8.

3. Estimate of Index S4 in Cuiabá
The methodology developed for the estimation of 𝑆4

uses the ionospheric scintillation model GISM (Global Iono-
spheric Scintillation Model) [31], [32] that is adjusted with
the parameters of the orbital mechanics obtained from the
satellite tracker software called N2YO [33]. Several other
data related to the satellite-earth station link also feed
the GISM.

The GISM model is recommended by the International
Telecommunication Union (ITU) [34] and allows the deter-
mination of 𝑆4, among other scintillation parameters, as de-
tailed by [32]. The model needs some specific entries such
as: a-location of the receiving station; b-satellite orbit pa-
rameters; c-frequency of the carrier link; d-year, month and
hour and e-solar flow. Once the inputs are inserted, the GISM
model determines the scintillation index 𝑆4, treating the iono-
sphere as a turbulent multilayered medium, each one acting
as a phase screen. The electronic density of the medium is
provided by the empirical model of ionospheric electronic
density named NeQuick [35].

The satellite considered for this estimate of 𝑆4 is the
Brazilian satellite for collecting environmental data, called
SCD2 (NORAD ID: 25504), developed by INPE, whose
orbital parameters are: a- perigee: 739.8 km; b- apogee:
764.3 km; c- inclination: 25.0◦; and d- period: 99.7minutes.
The adopted average altitude of the satellite is 750 km. The
earth station of link is the INPE’s station located at Cuiabá
(Latitude: 15◦33’S; Longitude: 56◦04’W). In the estimates,
the downlink frequency is 2 208MHz and the observations
are restricted to elevation angle greater than 25.0◦.

In order to determine 𝑆4, three passages from the SCD2
satellite were selected, occurring on October 16, 17 and 19
of the year 2014. The year 2014 has already been analyzed
in other studies that describe the effects of scintillation on
GNSS receivers [8], [36]. It is noteworthy that the solar
maximum of the 11-year solar cycle had already occurred
in 2013 and, therefore, this analysis in 2014 is not the worst
case. The solar flux on the investigated days is less than
170 sfu (1 sfu = 104 Jy), which does not represent an extreme
solar activity. Consequently, the values of 𝑆4 estimated in
this work for the frequency of 2 208MHz do not represent
the most severe scintillation condition for the Cuiabá station.
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Fig. 3. Tracing the SCD2 orbit with respect to Cuiabá.
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Fig. 4. Obtained 𝑆4 by GISM for three SCD2 passages through
Cuiabá.

The same orbit was assumed for all satellite passages.
Figure 3 illustrates the SCD2 orbit with respect to Cuiabá
station and the magnetic equator. The light gray curve corre-
sponds to the satellite orbit, the receiving station is indicated
by the black point and the magnetic equator is the curve
drawn in the dark gray.

The values of 𝑆4 are determined every 20 s during the
passage of the satellite. Figure 4 presents the values of 𝑆4
as a function of time obtained by GISM when simulating
SCD2 passages that took place on 10/19/2014 at 3:00 LT,
10/16/2014 at 21:00 LT and 10/17/2014 at 23:00 LT, respec-
tively. The results presented in Fig. 4 show a wide variability
in the intensity of the scintillation, expressed by the 𝑆4 val-
ues. The minimum and maximum observed values are about
𝑆4 = 0.1 on day 19 and 𝑆4 = 0.8 on day 17, respectively.

4. Receiver Architecture
Figure 5 shows the simplified block diagram of the earth

station receiver. The RF signal in the S band is received by
the antenna, then amplified and converted to an intermedi-
ate frequency (IF) of 70MHz by the RF front-end block.
The A/D converter performs the analog-to-digital conversion
with the sampling frequency 𝑓s = 8/𝑇 = 40MHz, deriving

RF

Front-end
A/D

Frequency

Estimator

IF

𝑟 𝑛

 𝜔𝑑

𝐼𝐶 𝑛

Antenna

Carrier 

Phase

Recovery

RF

𝑄𝐶 𝑛

Symbol

Synchronizer

Bit 

Detector

𝐼𝑆 𝑚

𝑄𝑆 𝑚

 𝑏 𝑘

Fig. 5. Earth station OQPSK receiver block diagram.

the discrete signal r[𝑛] expressed by

𝑟 [𝑛] = 𝐼 [𝑛] cos {(𝜔IF + 𝜔d)𝑛 + 𝜑[𝑛]}
−𝑄 [𝑛] sin {(𝜔IF + 𝜔d)𝑛 + 𝜑[𝑛]} + 𝑤 [𝑛]

(9)

where 𝐼 [𝑛] and𝑄 [𝑛] are the in-phase and quadrature compo-
nents of the discrete signal, respectively, 𝜔IF is the discrete
frequency corresponding to 70MHz IF, 𝜔d represents the
frequency offset with respect to the nominal frequency 𝜔IF
and 𝜑[𝑛] indicates the carrier phase fluctuation, including the
scintillation effect. Discrete Gaussian white noise with zero
mean and variance 𝑁0 𝑓s/2 is represented by 𝑤 [𝑛]. From that
point on, all signal processing of the receiver is done in the
discrete domain.

Initially, the frequency estimator block estimates the
frequency offset (𝜔d) and passes the estimated value (𝜔d)
on to the carrier phase recovery block. This block, in turn,
generates a replica of the received carrier, synchronized in
frequency and phase, and from 𝑟 [𝑛], it derives a version of
the in-phase and quadrature components of the received sig-
nal, denoted by 𝐼c [𝑛] and 𝑄c [𝑛]. The symbol synchronizer
block interpolates and decimates the 𝐼c [𝑛] and𝑄c [𝑛] signals
to obtain the 𝐼s [𝑚] and 𝑄s [𝑚] signals that correspond, for
each instant, to the maximum magnitude sample associated
with the received symbol. The last block shown in Fig. 5,
bit detector, utilizes samples 𝐼s [𝑚] and 𝑄s [𝑚] for the de-
tection of received symbols and their conversion into the bit
sequence indicated by the signal 𝑏̂[𝑘].

Figure 6 illustrates the block diagram of the carrier
phase recovery. The adopted solution is a second order
directed-decision Costas loop, already very well studied in
the literature [37]. The input signal 𝑟 [𝑛] is multiplied by
the recovered carrier and the resulting signals are filtered in
arms 𝐼 and 𝑄 of the loop by the low pass filters of impulsive
response 𝑔𝑚 [𝑛]. These filters are of the type of the raised
cosine root with roll-off 𝛼 = 0.5 and are matched to the for-
matting pulse of the transmitted signal. The signals 𝐼c [𝑛] and
𝑄c [𝑛] are used to detect the bits and to determine the phase
error signal 𝑒[𝑛]. The estimated phase 𝜑̂[𝑛], resulting from
the passage of 𝑒[𝑛] through the discrete filter, is input from
the LUT (Look-up table) that generates the two versions of
the carrier (cosine and sine) for loop feedback.
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Fig. 6. Carrier phase recovery block diagram.
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Fig. 7. Symbol synchronizer block diagram.

The transfer function of the Costas loop is [37], [38]

𝐻 (𝑧) = (𝑔1 + 𝑔2)𝑧 − 𝑔1
𝑧2 + (𝑔1 + 𝑔2 − 2)𝑧 + (1 − 𝑔1)

(10)

where 𝑔1 and 𝑔2, as shown in Fig. 6, are associated with the
loop filter. In this case, the noise bandwidth (𝐵L𝑇s) of 𝐻 (𝑧)
is defined by [38]

2𝐵L𝑇s =
1
2𝜋j

∮
𝐻 (𝑧)𝐻 (𝑧−1)𝑧−1d𝑧

=
(𝑏12 + 𝑏22) (1 + 𝑎2) − 2𝑏1𝑏2𝑎1
(1 − 𝑎2)

[
(1 + 𝑎2)2 − 𝑎12

] (11)

where𝑇s is the sampling period, 𝑎1 = 𝑔1+𝑔2−2, 𝑎2 = 1−𝑔1,
𝑏1 = 𝑔1 +𝑔2 and 𝑏2 = −𝑔1. In this project, 𝐵L𝑇s = 2.5×10−4
was adopted.

The symbol synchronizer used in this receiver imple-
ments the Gardner synchronizer [37], [39] and its block di-
agram is shown in Fig. 7. The 𝐼c [𝑛] and 𝑄c [𝑛] signals,
corresponding to the filtered and asynchronous samples of
the baseband signal, taken at 𝑡 = 𝑛𝑇s, are delivered to the
interpolator. This one, in turn, makes the necessary inter-
polation to produce the samples 𝐼I [𝑛] and 𝑄I [𝑛], at times
𝑡 = (𝑙𝑛 + 𝜇𝑛)𝑇s, where 𝑙𝑛 and 𝜇𝑛 are the base point in-
dex and the fractional interval respectively, both determined
by the controller block. The decimated samples 𝐼s [𝑚] and
𝑄s [𝑚], output from the downsampling block, at the symbol
rate (1/𝑇), are delivered to bit detector for information re-
trieval. The TED (Time error detector) block also receives
the 𝐼I [𝑛] and 𝑄I [𝑛] signals to derive the error signal 𝑒[𝑚]
which, after being filtered through the loop filter, serves as

an input to the Controller block. The constant 𝛾 indicates the
filter adaptation step.

This synchronizer can be modeled as a first order closed
loop with the following transfer function [37]:

𝐹 (𝑧) = 𝑘d𝛾𝑧
−1

1 + (𝑘d𝛾 − 1) 𝑧−1
(12)

where 𝑘d is the gain of TED. The noise bandwidth (𝐵𝑛𝑇) of
𝐹 (𝑧) is given by [37]:

𝐵𝑛𝑇 =
𝑘d𝛾

2 (2 − 𝑘d𝛾)
. (13)

Therefore, choosing 𝐵𝑛𝑇 = 2.51 × 10−3 results in
𝑘d𝛾 = 0.01.

5. Numerical Results and Discussions
In this section, some performance results of the OQPSK

demodulator, obtained through computer simulation, are pre-
sented and discussed. The error variances of the recovered
phase and estimated delay and also the bit error rate under
different scintillation severity conditions were evaluated.

Figure 8 describes the model of the simulated system,
defining the input and output parameters. The received signal
equation 𝑟 [𝑛], shown in the figure, is derived from (9), by
replacing 𝜔IF + 𝜔d with 𝜔c, which is the discrete frequency
of the carrier. The system model is implemented in Simulink
running in a computer with Windows operational system.

The main parameters used in the model are described
in Tab. 1. Its values reflect the operating conditions of the
system. It is interesting to note that in this model the carrier
frequency and bit rate were reduced by a factor of 1000 in
relation to the actual values. This reduction is possible be-
cause the parameters to be evaluated in this study, the error
variances of the phase and delay estimators and the bit error
rate, only depend on the bandwidth of the loops, expressed by
𝐵L𝑇s and 𝐵𝑛𝑇 , 𝐸b/𝑁0 and 𝑆4 which are chosen with the same
values as the station’s OQPSK demodulator. This decrease
in frequency allows the computer simulation of the system
to be accelerated. Using a computer with a 1.7GHz Intel
Core i5, the time needed to simulate the demodulation of the
received signal over a period of 60 s is approximately 65 s.

Scintillation

Generator

𝑆4

Signal

Generator

OQPSK

Demodulator

𝑟 𝑛 = 𝐼 𝑛 cos 𝜔𝑐𝑛 + 𝜑 𝑛
−𝑄 𝑛 sin 𝜔𝑐𝑛 + 𝜑 𝑛

+𝑤 𝑛

Gaussian Noise

Generator

𝜎 𝜑
2 𝜎 𝜏

2
BER

𝑤 𝑛𝑐 𝑖

Eb/N0

Fig. 8. Model of the system used in the simulations.
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Parameter Value
Frequency of the subcarrier

( 𝑓c)
70 kHz

Bit rate (2/𝑇) 10 kbps
Sampling frequency ( 𝑓s) 40 kHz

Noise bandwidth of Costa loop
(𝐵L𝑇s)

2.50 × 10−4

Noise bandwidth of the symbol
synchronizer loop (𝐵𝑛𝑇)

2.51 × 10−3

Bit energy per noise density
(𝐸b/𝑁0)

0 dB ≤ 𝐸b/𝑁0 ≤ 20 dB

Decorrelation time 0.883

Tab. 1. Model parameters used in the simulation.
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Fig. 9. Curves of the variance of the phase error of the recovered
carrier.

The simulated phase error variance of the recovered
carrier (𝜎𝜑̂2) as a function of 𝐸b/𝑁0, and parameterized by
𝑆4 = 0.0 (without scintillation), 𝑆4 = 0.2 and 𝑆4 = 0.5, are
shown in Fig. 9. As a reference, the modified Cramer-Rao
bound (MCRB) curve for this variance is also presented and
given by the following equation [37]:

MCRB(𝜑) = 𝐵L𝑇

2𝐸b/𝑁0
. (14)

It is evident from the results shown in Fig. 9 that, without
scintillation, 𝜎𝜑̂2 approachesMCRB(𝜑) for 𝐸b/𝑁0 < 10 dB,
as predicted in the literature [37]. It is also noticed that for
𝑆4 = 0.2 there is an increase in the values of 𝜎𝜑̂2, with re-
spect to the case without scintillation, for the whole range
of 𝐸b/𝑁0 tested. In this case, the curve is practically con-
stant from 𝐸b/𝑁0 > 5 dB, indicating that the contribution of
Gaussian noise is insignificant in relation to the scintillation
effect. In this condition of 𝑆4, the phase recovery loop works
without loss of lock or cycle slip occurrence, for the entire
𝐸b/𝑁0 interval, which is evidenced by the smoothness of the
𝜎𝜑̂
2 curve.

The results for 𝑆4 = 0.5 shows that values of 𝜎𝜑̂2 are
much higher than the values observed for 𝑆4 = 0.2. For
𝐸b/𝑁0 > 5 dB, the variance is almost constant because in
this condition the effect of Gaussian noise in 𝜎𝜑̂2 is negligi-
ble. It is also observed that for 𝐸b/𝑁0 ≤ 5 dB the points are
outside the curve, with extremely high values of variance.
This indicates the occurrence of loss of lock and/or cycle slip
in the Costas loop. Figure 10 illustrates this phenomenon,
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Fig. 10. Recovered phase showing the occurrence of cycle slip.
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Fig. 11. Recovered phase for 𝑆4 = 0.8 and 𝐸b/𝑁0 = 50 dB.

showing the phase recovered in a simulation period of 60 s,
𝐸b/𝑁0 = 2 dB and 𝑆4 = 0.5, together with the amplitude
and phase curves of the scintillation process 𝑐[𝑖]. There is
a cycle slip with a phase jump equal to 𝜋 at an instant close
to 50 s. It is interesting to notice that the recovered phase is
identical to the scintillation phase, both before and after the
cycle slip, showing that the Costas loop was and remained in
lock. In the measurements made, when 𝐸b/𝑁0 > 5 dB, there
was no cycle slip, indicating that, for 𝑆4 = 0.5, the increase
in 𝐸b/𝑁0 prevents the occurrence of this problem.

Performed simulations with 𝑆4 = 0.8 showed that the
increase in 𝐸b/𝑁0 is no longer effective as a technique for
mitigating cycle slip and /or loss of lock. In all simulations
made with 𝑆4 = 0.8, for a period of 60 s, there was a cycle
slip and/or loss of lock, even for 𝐸b/𝑁0 = 50 dB. Figure 11
shows the amplitude and phase of the process 𝑐[𝑖] and also
the recovered phase for 𝑆4 = 0.8 and 𝐸b/𝑁0 = 50 dB. It is
observed that a cycle slip occurred in about 26 s, probably
due to the sudden variation of the scintillation phase.
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Fig. 12. Symbol delay error variance curves.

Curves of the normalized variance of the symbol delay
error, indicated by 𝜎𝜏̂2, as a function of 𝐸b/𝑁0, without scin-
tillation and with scintillation (𝑆4 = 0.8 and 0.5), are shown
in Fig. 12. The normalized modified Cramer-Rao bound
MCRB(𝜏), given by (15) [40], where 𝛼 is the roll-off of the
baseband pulse formatter, is also plotted in Fig. 12.

MCRB(𝜏) = 𝐵𝑛𝑇

2[𝜋2 (1 + 𝛼2)/3 − 8𝛼2] (𝐸b/𝑁0)
. (15)

From the results of Fig. 12, it can be seen that, except for
the points where the cycle slip occurs (𝐸b/𝑁0 ≤ 5 dB, for
𝑆4 = 0.5) in the Costas loop, the scintillation affects very
little performance of the symbol timing synchronizer. If
there is a cycle slip in the carrier phase recovery, the Gard-
ner synchronizer also loses the lock, resulting in excessive
measurements of 𝜎𝜏̂2. This characteristic stems from the
demodulator’s architecture, in which the symbol synchro-
nization takes place after the conversion to baseband that
needs carrier phase recovery. Therefore, cycle slip events in
the Costa loop also cause loss of synchronization in symbol
recovery. Figure 13 illustrates the symbol delay and the car-
rier phase recovered by demodulator in the condition where
the symbol delay is 𝑇/2, 𝐸b/𝑁0 = 5 dB and 𝑆4 = 0.5. We
observe a cycle slip event around 50 s and the consequent
loss of symbol synchronization.

Figure 14 illustrates the demodulator’s bit error rate
(BER), determined under three different operating condi-
tions (no scintillation, 𝑆4 = 0.2 and 0.5) and compared with
the theoretical BER curve for an OQPSK system with opti-
mum detection. Without scintillation, the system’s BER is
practically similar to the theoretical limit. When 𝑆4 = 0.2
and 𝑆4 = 0.5, there are degradations of approximately 1 dB
and 7 dB, respectively, in the condition of BER = 10−5. The
BER equal to 10−5 is the maximum value specified for the
system operation. These estimated losses by simulation are
consistent with the performance of systems described in lit-
erature [10], [41]. In these case, the communication channel
is modeled as a Rician channel.
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The points outside the curve when 𝑆4 = 0.5 and
𝐸b/𝑁0 ≤ 5 dB reveal the demodulator’s loss of synchro-
nization caused by the cycle slip as previously mentioned. It
is noteworthy that in the condition of great scintillation sever-
ity (𝑆4 = 0.8, for example) increasing the value of 𝐸b/𝑁0,
even if it is by a factor of 1000 (30 dB), does not prevent
the occurrence of cycle slip and, for consequence, there is
an exaggerated increase in BER. Some strategies to mitigate
this problem are still the subject of our studies.

6. Conclusions
In this work, using the GISM model, we show the

occurrence of ionospheric scintillation in the S band link
(2 208MHz) between the INPE earth station in Cuiabá and
the SCD2 satellite. Assuming the solar flow of October 2014,
we find scintillation indices as high as 𝑆4 = 0.8. Therefore,
it becomes evident that this communication link can be sub-
jected to severe conditions of ionospheric scintillation.

We present the channel model and architecture of the
receiver to study the impact of scintillation on system perfor-
mance in the tracking phase. The station’s OQPSK demodu-
lator uses aCostas loop for carrier phase recovery and a closed
loop with Gardner detector for symbol synchronization.
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The results of the computer simulation show that, with-
out scintillation, the bit error rate of OQPSK demodulator
is close to the theoretical limit and the error variances of
carrier phase and of symbol delay are in accordance with the
performances presented in the literature.

The carrier phase recovery is much more susceptible
to the effects of scintillation than the symbol synchronizer.
Even for low severity scintillation (𝑆4 = 0.2), there is a large
increase in the estimated phase variance compared to the null
scintillation condition. On the other hand, the performance of
the symbol synchronizer is practically identical for 𝑆4 = 0.0
and 𝑆4 = 0.2.

When 𝑆4 = 0.5 and 𝐸b/𝑁0 ≤ 5 dB, the occurrence of
cycle slips is observed in the Costas loop, during the simu-
lation periods adopted to determine 𝜎𝜑̂2, 𝜎𝜏̂2 and BER. The
loss of lock in the carrier phase recovery, due to the cycle
slip, causes also loss of lock in the symbol synchronizer. On
the other hand, if 𝑆4 = 0.5 and 𝐸b/𝑁0 > 5 dB, the sym-
bol synchronizer remains practically immune to scintillation,
with the values of 𝜎𝜏̂2 close to those obtained for 𝑆4 = 0.0.
In contrast, the carrier phase recovery, under these condi-
tions, experiences an increase in 𝜎𝜑̂2 by a factor of ten when
compared to the values obtained for 𝑆4 = 0.2.

Scintillation causes an increase in the bit error rate of
the OQPSK demodulator. Comparing the BER curves for
𝑆4 = 0.2 and 𝑆4 = 0.5, there are losses of 1 dB and 7 dB,
respectively, with respect to the case without scintillation, in
the condition of BER = 10−5.

The results also show that for 𝑆4 = 0.8, the receiver
with the described architecture, due to the occurrence of cy-
cle slip, is unable to maintain the synchronism for a period
of 60 s, even when 𝐸b/𝑁0 is as high as 50 dB.

In summary, we conclude that, for the described
OQPSK demodulator, the communication link has substan-
tial loss of performance even for moderate scintillation in-
tensity (𝑆4 = 0.5) and completely deteriorates when 𝑆4 is
equal to 0.8.

As a deployment of this work, the study of new tech-
niques is planned to mitigate the effects of ionospheric scin-
tillation in the functioning of the symbol synchronizer and in
the carrier recovery module. Measurements at Cuiabá sta-
tion of the 𝑆4 parameter carried out simultaneously in the
L and S band are being organized in order to understand
the correlation of the scintillation intensity in these two fre-
quency bands.
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