Telecommunications and Radio Engineering, 79(1):1-16 (2020)

APPLIED RADIO PHYSICS

TROPOSPHERIC SCINTILLATION EFFECTS
ON SATELLITE LINKS FROM X-BAND TO
Q-BAND OVER NIGERIAN CLIMATIC
ZONES USING KARASAWA AND ITU-R
MODELS

O.F. Dairo,* A.A. Willoughby, S.0. Adesanya,
& L.B. Kolawole

Redeemer’s University, P.M.B. 230, Ede, Osun State 232102, Nigeria

*Address all correspondence to: O.F. Dairo, E-mail: dairof@run.edu.ng

The tropospheric scintillation of satellite communication signals has continued to draw the
attention of radio engineers. The effect and prevalent paucity of Earth-space tropospheric
scintillation data in Africa are remarkable. The parameters of NigComSat-1R and Eutelsat-36B
satellites were used for this modeling from X- to Q-band during the West African monsoon
(WAM). The low error rates of Karasawa and ITU-R models reported for the tropical climates
made them appropriate for this study. In situ data from the Tropospheric Data Acquisition
Network stations spanning three climatic regions in Nigeria, namely Tropical Monsoon, Geo.
6.5° N, 3.5° E; Tropical Savanna, Geo. 8.99° N, 7.38° E; and the Sahel, Geo. 9.35° N, 12.5° E.
The scintillation variability is lowest in the tropical monsoon climate and highest in the Sahel
climate using both models. However, the ITU-R model recorded higher scintillation fade depths
(SFDs) of 37.19 dB, 2.91 dB, and 2.52 dB, for low elevation, NigComSat-1R and Eutelsat-36B
satellites respectively, over the tropical monsoon climatic zone, than Karasawa model, which
recorded SFDs of 34.07 dB, 1.31 dB, and 1.09 dB for the respective satellites. The observed
scintillation intensity increased with increasing carrier frequency, low elevation angle and
small receiving antenna. High variability of the scintillation intensity characterizes the onset of
WAM and post-monsoon months.

KEY WORDS: tropospheric scintillation, fade depth, satellite communication,
scintillation intensity, microwave, tropical climate, radio refractivity

1. INTRODUCTION
The prevalence of Earth-space communication over other means of radio propagation

has increased the horizon of its services beyond fixed satellite services (FSS) and
intercontinental radiocommunication services. The other services include
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environmental monitoring, astronomy, remote sensing, augmented reality and a host of
others. Consequently, many military applications depend on satellite communication
for real-time information exchange. However, the availability and reliability of satellite
communication networks have challenged its use in the surge of evolving and
emerging applications [1-5].

The introduction of Earth-space links in the lower region of the microwave band
was well received and barely experienced inconsiderable radio propagation
impairment at frequencies less than 10 GHz [6]. On the other hand, the accompanying
overriding financial implication of the antennas due to the large aperture of about
(~30m) and wind loading short-lived the excitement. Soon the C-band slot of the
geostationary earth orbit (GEO) became congested laden with interference. The
overcrowding led to the exploration of the mid microwave frequencies from K
(12 GHz) to Q (50 GHz) bands [1,7,8]. The higher frequency bands paved the way for
new applications and broader market segments of the digital economy, namely smart
grid, transport system logistics and e-health. Associated with higher frequency bands
virtues of larger bandwidth, smaller antenna size and higher throughput is the liability
of atmospheric impairments. Aside from the attenuation of satellite communication
signals due to the absorption lines of atmospheric gases, scintillation is an impairment
that increases remarkably with increasing frequency. This impairment, observed as the
fluctuation of the received signal intensity about its threshold, is known as scintillation
enhancement or fades [9-14].

Scintillation is the rapid fluctuations of the amplitude, angle of arrival, phase, and
polarization of the received signal as a result of the irregularities in space and time of
the constitutive parameters of the transmission medium. The troposphere, consisting of
the highly convective atmospheric boundary layer (ABL), is a lossy medium for radio
waves propagation. Hence, tropospheric scintillation is due to the marked fluctuations
of the refractive index within the ABL [8]. This variability is a result of a high
humidity lapse rate and temperature inversion layers. The spatial-temporal variability,
which depends on the local climate, is both seasonal and diurnal with evidence of
latitudinal variation. The observed chaotic mixing of air parcels in the equatorial
region [15-18] and its stochastically varying climatic evolutions in space and time
[19,20] during the West African Monsoon (WAM) regime, starting from the pre-
monsoon to the post-monsoon [21-23], have continued to beam the searchlight on
scintillation in the region [7,8]. The prevalence of high solar insolation and the
monsoon circulation in the equatorial latitudes have characterized its climate as hot,
humid and highly convective [24]. WAM drives the forced convection observed with
turbulence and thunderstorms over the West African coast. Hence the deep convection
is a result of the interplay of these processes in equatorial tropics.

A large chunk of the observations and efforts to study scintillation have been in the
temperate region: USA [11,25-28], Canada [29,30], Norway [31], UK [32,33], and
Europe [34-36]. The deficit of direct-to-home optical fiber infrastructure within
Nigeria has made many to rely on satellite point-to-point and point-to-multipoint
services for banking, automated teller machine, upstream oil and gas exploration,
direct-to-home broadcasting, among others. The erratic nature of these satellite
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services has left in its wake, sometimes, long queues in the banking hall and dismayed
football fans due to degradation of the received satellite signal [12], to mention a few.

Models predicting scintillation intensity as a function of the variance of signal log-
amplitude have been reported to be more accurate for the tropical climate [37-40].
Hence Karasawa and ITU-R models, from which other models have been formulated
and modified for certain climates, were chosen [41]. Also, low-elevation satellites, at
an angle of &= 5° covering the tropics, were considered. As a result, this study used
meteorological data to consider the seasonal patterns of frequency, elevation angle and
latitudinal variation of scintillation effects on two prominent satellites over the
equatorial climatic zone. The two satellites are the Nigerian communication satellite-1
replacement - NigComSat-1R and Eutelsat 36B - used by digital satellite television
(DSTV), a major commercial satellite broadcasting company in Africa.

2. METHODOLOGY

Space and time variability of scintillation intensity over Nigeria was modeled using
meteorological parameters. The data input were obtained in situ from the three major
climate zones using the Tropospheric Data Acquisition Network (TRODAN) stations
in Lagos, Abuja and Yola (Table 1). TRODAN, formerly known as the Nigerian
Environmental Climatic Observing Program (NECOP), is being executed by the
National Space Research and Development Agency (NASRDA) in collaboration with
the Centre for Climatic Research, Delaware, United States, Nigerian Meteorological
Agency (NiMET) and Nigerian Universities. The project commenced in 2007 with
capacity training at Centre for Climatic Research (CCR), Delaware, United States,
where an engineer was trained on the implementation of a mandate to replicate the
CCR kind of system in Nigeria.

TABLE 1: Location, climate and satellite elevation

Station Geo. Coordinate Climate NigComSat-1R | EutelSat 36B
Lagos 6.5°N, 3.5°E Monsoon 44.2°E 51.4°E
Abuja 8.99°N, 7.38°E | Tropical savanna 48.1°E 55.1°E

Yola 9.35°N, 12.5°E Sahel 53.5°E 60.5°E

The three stations are in the tropical monsoon, tropical savanna and Sahel climates.
These climatic zones, with the Atlantic boundary in the south and the Sahelian
boundary in the north, are typical of the latitudinal variation across Nigeria. The
derivative of the meteorological parameters is used to characterize compute
scintillation intensity of X- to Q-band (10 GHz-50 GHz) [1,42]: the standard

deviation, g, of the log-amplitude; the variance, o?; the amplitude deviation y in
dB; and the predicted variance, Jz [43-47] for NigComSat-1R and Eutelsat 36B
(Table 2).
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TABLE 2: Satellite Data

Satellite NigComSat-1R EutelSat 36B
Application Communication Communication
Equipment 4 C-, 14 ku-, 8 ka-, 2 L-bands 70 ku-bands

Orbit GEO GEO

Location 42.5°E 35.9°E

Operator NASRDA Eutelsat

3. SCINTILLATION MODELS

Tropospheric scintillation models derive their indicators from the statistics of the
relevant meteorological parameter. These estimates are the cumulative distribution
function (CDF), the probability density function (PDF) and the variance of the log-
amplitude fluctuation [9]. The key component of scintillation models is the assumption
that the log-amplitude fluctuation follows a Gaussian probability distribution function
for the short-term [43]. Hence the models are classified as either predicting the
variance or lognormal distribution of scintillation. For the long-term, the International
Telecommunication Union - Radiocommunication (ITU-R) model is widely used
because of the global inputs in its development and the Karasawa model for being the
foremost [40,41,47-51]. These models use the wet term of the surface radio
refractivity, N [48,52], as an input parameter, to estimate the standard deviation of

wet
satellite signal fluctuation contributed by scintillation. High error rates characterize
other tropospheric scintillations models when considered for the tropics. In particular,
they were originally developed for the temperate climates and as such unreliable for
tropical climates [40,41,53]. Most of these models were chiefly fine-tuned for
European climates with very low N, ..

3.1 Karasawa Model

The averaged monthly standard deviation of the signal level, m =<UX> is estimated
using [8,47,54]

m=0y,, B, @0, H, (dB), (1)

where the radio refractivity dependent term of the standard deviation of the reference
signal amplitude, gy ,,, in (1) is scaled by 0.0228 and expressed as [8,41,49]

Oy, =0.15+52x10° N, (dB), )

the frequency-dependent term, 77,, 1y
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~ L 0.45
s {11.5}

the elevation angle-dependent term, 77,,

1.3

Ny = (sin 6.5°/sin 6’)

1.3
Ny =(23in6.5‘/{ fsin2 ¢9+%h +sin9D , for 8<5°,

for 8=5°,

3)

(4a)

(4b)

where the effective Earth’s radius, R, = 8500 km at sea level and the turbulence height,
h =2 km the antenna aperture size term, 1)pg, iS the antenna averaging function and

expressed as [55]

_[cp,
Toe G(7.6)°
where
D D
G(D,)=1.0-07] =& for 0 —L <1.0,
( eﬁ‘) [mj or N
G(D )=o.5—o.2 Dy for 1.0<—2L <20,
eff \/E
DE
G(p,)=01 for 20<\/ﬁ
A=c/ f (m)

D, :\/’7_D (m)
L=2h/(4/sin26’+2h/Rg +sin6’) (m),

)

(6a)

(6b)

(6¢)

(7

where c is the speed of light in free space (m/s), f is the frequency (GHz), A is the
wavelength (m), 6 is the free-space elevation angle (degrees), D is the antenna
diameter (m), Dy is the effective antenna diameter (m),L is the effective path length,

which is the turbulent layer distance from the receiver (m).
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The monthly cumulative distribution of amplitude variation y is expressed in the
terms of the predicted monthly standard deviation. The expression is deduced from the
integral of the short-term distribution function of the standard deviations with the
conditional distribution function of the short-term signal level y given standard
deviation, where both are respectively distributed Gamma and Gaussian [14,54]. In
other words, the short-term PDF of the log-amplitude is normally distributed. The
predicted amplitude deviation exceeded, given a time p%, for signal fade As(p)
(exceeded for the time p%) is derived from (8)

y=As(p)=a(p)En (dB). (8)
For scintillation enhancement exceeded for the time p% is predicted as
Es(p)=e(p)ﬁn. 9
The time percentage factor enhancement for 0.01% < p < 50.0% is expressed as
e(p)=-0.0597(log,, p)’ —1.258log,, p +2.672. (10)
The fade for 0.01% < p < 50.0% is expressed as

a(p)=-0.061(log,, p)’ -0.072(log,, p)*1.71log,, p +3.0. (11)

3.2 ITU-R Model

The model [51], which is analogous to the Karasawa model, yields the predicted
standard deviation of the signal for the applicable period and propagation path as (12)

712 g (X)
g=0 —_— 12
reff (sin 8)1.2 ( )

where the standard deviation of the reference signal amplitude, G5 is expressed
as (13)
O'ref :3,6)(10_3 +Nwet X10_4 (dB) (dB) (13)

The antenna averaging factor, g(x), is given by (14)

g(x)= \/3.86(x2 +1)" Ein[l—;tan_l 1} ~7.08x°, (14)
X
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x=12207) (%J (15)

where 0 = free-space elevation angle, for 8=5°.

Equation (14) is only valid for x < 7.0, otherwise, the predicted scintillation fade
depth for any time percentage is zero.

The fade depth, A(p), surpassed for the time percentage (p%) is expressed as (16)

A(p)=a(p)w (dB), (16)

where the time percentage fade factor, a(p), in the range of 0.01% < p < 50% is given
by (11).

4. RESULTS AND ANALYSIS

The climatology of the scintillation intensity of earth-space signals in the troposphere
over Nigeria is observed to be seasonally, elevation and frequency-dependent.
Similarly, the seasonal variability is also climatic and latitudinally dependent. The
variance distribution showed a marked increasing trend of scintillation intensity from
the Sahel climate in the high latitudes to the monsoon climate in the low latitudes.
Hence, it is a reflection of the inward flow of the monsoon from the Atlantic cold
tongue in the south and migrating through the tropical savanna in the middle-belt to the
prevalent Sahel climatic condition in the north.

4.1 Variability in the Tropical Monsoon

The tropical monsoon showed quasi-sinusoidal distributions of scintillation fade depth
(SFD) as a function of the standard deviation of signal fluctuation. Figures 1-3 showed
that both models coincide with the time-dependence of tropospheric scintillation.
March showed seasonal peaks of scintillation fade for all frequencies and August the
dips. These maxima correspond to insolation maximum occurring during the spring
equinox over the monsoon climate [24]. Consequently, the increased solar activity
corresponds to increased chaoticity in the troposphere, which is characteristic of the
onset of the harmattan-rainy transition phase (HRTP) [15-17,52,56]. Also, Figs. 1-3
showed the frequency dependence of scintillation fade along its trajectories. The effect
of the equatorial monsoonal climate on the gradient of intensity variability for both

ITU-R and Karasawa models is 9%. For low-elevation satellites (Hs 5”) the intensity

of tropospheric scintillation ranged from 22.85 dB to 34.07 dB for the Karasawa model
and 13.58 dB to 37.41 dB for the ITU-R model. On the other hand, the scintillation
intensity is considerably lower for an antenna aimed at the two commercial satellites
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over the African continent, namely NigComSat-1R and Eutelsat 36B. For antenna
aimed at Eutelsat 36B, scintillation intensity varied from a minimum of 0.75 dB to a
maximum of 1.09 dB for ITU-R and from 0.96 dB to 2.52 dB for Karasawa. The
variability ranged from 1.10 dB to 2.91 dB for ITU-R and from 0.90dB to 1.31 dB
Karasawa for antenna aimed at NigComSat-1R.

4.2 Variability in the Tropical Savanna

A quasi-cyclic distribution was observed in the trend of scintillation intensity over the
tropical savanna. According to Figs. 4-6, the degree of convergence of the distribution
is higher in the Karasawa model than that of the ITUR model during the harmattan
rainy transition phase (HRTP), where the scintillation fade depth converged for both
models. The HRTP ushered in a significant phase change, which coincides with the
increased solar activity due to the interplay between the retreat of the harmattan wind
known as tropical continental air mass (cT) and the onset of the pre-monsoonal rainy
wind known as tropical maritime air mass (mT) [52]. The scintillation variability is
highest during HRTP, March to April, leading to increased chaoticity [15-17,56], as a
result of the northward swing of the Intertropical Convergence Zone (ITCZ) over
Nigeria at this period. The swing trails the northward migration of the sun, which is
driving the low-pressure regime. The pre-monsoonal scintillation intensity in April is
sustained over the tropical savanna by the arrival and retreat of the tropical monsoon
up to October. The minima are observed in January and March whiles the maxima in
August and September. The maxima of scintillation intensity indicate the onset of the
southward migration of the sun. Hence the autumn equinox, which is responsible for
the second wave of high insolation over the equator [24,57]. Approximately 50%
coefficient of variation is observed for both models.
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FIG. 1: SFD of NigComSat-1R signal over Lagos (Geo. 6.5°N, 3.5°E) at an elevation angle,
6 =44.2°, for (a) Karasawa and (b) ITU-R models
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FIG. 2: SFD of low-elevation satellite signal over Lagos (Geo. 6.5°N, 3.5°E) at an elevation
angle, 6= 5°, for (a) Karasawa and (b) ITU-R models
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FIG. 3: SFD of Eutelsat signal over Lagos (Geo. 6.5°N, 3.5°E) at an elevation angle,
6 =51.4°, for (a) Karasawa and (b) ITU-R models

At an elevation of 5°, the depth of fade intensity varies from 9.14 dB to 34.65 dB
for both models. The low elevation fade depths are comparable to rain attenuation
[9,58,59]. On the other hand, at an elevation of 48.1°, for antenna aimed at
NigComSat-1R, the fade depth ranges between 0.53 dB and 2.48 dB for models.
Correspondingly, for antenna aimed at Eutelsat 36B, the fade depth varies from
0.46 dB to 2.19 dB for both models.
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FIG. 4: SFD of NigComSat-1R signal over Abuja (Geo. 8.99°N, 7.38°E) at an elevation angle,
6 =48.1°, for (a) Karasawa and (b) ITU-R models

4.3 Variability in the Sahel

Figures 7-9 showed the distributions of the variability of scintillation fade intensity in
the Sahelian climate over Nigeria, for both ITU-R and Karasawa models. The trend of
the standard deviation of link variability is typical of the boundaries of the Sahel in the
south. The scintillation intensity minima were observed in March during the HRTP,
while the maxima in August before the rainy-harmattan transition phase (RHTP).
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FIG. 5: SFD of low-elevation satellite signal over Abuja (Geo. 8.99°N, 7.38°E) at an elevation
angle, 6 = 5°, for (a) Karasawa and (b) ITU-R models
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FIG. 6: SFD of Eutelsat signal over Abuja (Geo. 8.99°N, 7.38°E) at an elevation angle,
6 =55.1°, for (a) Karasawa and (b) ITU-R models

The minima (dip) prevailed throughout the harmattan period, from November to
March. Both the minima in March and the maxima occurred during the period of
increased insolation over the Sahel. The onset of the pre-monsoon mT between March
and April is characterized by a positive gradient of fade depth variability, leading to
increased chaoticity [15-17,56]. The maxima correspond to the rainy period in the
Sahel, from June to September. The June solstice ushers in the Sahel rainy season,
which consequently leads to the autumn equinox characterized by increased solar
activities during the southern migration of the sun over the equatorial latitudes [24].
The gradient of variability is between ~158% and ~180% for ITU-R and Karasawa
models, respectively.
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FIG. 7: SFD of NigComSat-1R signal over Yola (Geo. 9.35°N, 12.5°E) at an elevation angle,

6 = 53.5°, for (a) Karasawa and (b) ITU-R models
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FIG. 8: SFD of low-elevation satellite signal over Yola (Geo. 9.35°N, 12.5°E) at an elevation
angle, 6= 5°, for (a) Karasawa and (b) ITU-R models

At an elevation of 6 < 5°, the intensity of fade depth varies between 5.19 dB and
33.77 dB for both models. However, for an antenna looking at NigComSat-1R, the
range of the SFD is between 0.25 dB and 2.20 dB for both ITU-R and Karasawa
models. Likewise, the SFD fluctuates between 0.22 dB and 1.98 dB for both models,
for an antenna aimed at Eutelsat 36B.
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FIG. 9: SFD of Eutelsat-DSTV signal over Yola (Geo. 9.35°N, 12.5°E) at an elevation angle,
6 = 60.5°, for (a) Karasawa and (b) ITU-R models
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5. CONCLUSION

The variability of the predicted tropospheric SFD, derived from the monthly variance
of the signal log-amplitude, is both space- and time-dependent. Hence, the latitudinal
variations and the prevailing tropical climatic conditions characterize the SFD
distributions. In particular, the low latitudes showed the strongest intensity of SFD,
while the high latitudes showed the weakest intensity. Similarly, for antennas aimed at
NigComSat-1R and Eutelsat 36B, the ITU-R model predicted higher SFD compared to
the Karasawa model. On the other hand, low-elevation satellites recorded a trend
reversal, where the long-term SFD predicted by the ITU-R model were considerably
lower than those predicted by the Karasawa model up to 35 GHz at 99.99% availability
required service level agreements (SLAs) for communication backbones. Also, from
40 GHz to 50 GHz, the ITU-R model reported higher values than that of Karasawa. In
general, both models predicted higher values of SFD intensities at low elevation,
which are comparable to the attenuation impairment induced by rain. The monsoon
climate predicted the highest SFD intensities of 2.52 dB, 2.91 dB and 37.19 dB at
elevation angles of 51.4°, 44.2° and 5° for antenna aimed at Eutelsat, NigComSat-1R
and low-elevation satellites, respectively, using the ITU-R model. Correspondingly,
1.09dB, 1.31dB and 34.07 dB were obtained using the Karasawa model. Also,
increasing elevation angles were observed for both Eutelsat and NigComSat-1R
latitudinally, from the tropical monsoon to the tropical Sahel.

The results show that the SFD increases with the increasing carrier frequency,
decreasing the elevation angle and decreasing the size of the receiving antenna. High
variability of the SFD characterizes the onset of WAM and post-monsoon months
(PMM). The variability converges during the transition phases, HRTP and RHTP. The
frequency-dependent dispersion is lower during the harmattan period than the period
from the onset of WAM to the peak of WAM.

Generally, the ITU-R model predicted higher effects of tropospheric scintillation
on satellite signals than the Karasawa model, with the lowest dispersion in the lower
bands. Hence, the sensitivity of the ITU-R model to frequency is higher than that of
the Karasawa model. However, the Karasawa model recorded the highest variability of
SFD. Moreover, the variability is highest in the Sahel climate compared with the
tropical savanna and monsoon climates.

High solar activity in the tropics is responsible for the low-pressure regimes in the
African equatorial region, which in turn drives the turbulence observed over the
region. Therefore, ground stations of tropospheric scintillation are necessary for radio
engineers to map the climatology of SFD effects over the African equatorial region for
optimization of the existing models. Results such as these may significantly improve
future ITU-R recommendations, which will, in turn, lead to improved Earth-space
links performance in the tropics.
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