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Abstract: The presence of multipath fading is one of the factors that contribute greatly to the performance of mm-
Waves. This work considers the atmospheric factors and the multipath fade distribution over the region of Akure,
Nigeria, using atmospheric measurements obtained through the Davis 6162 Vantage Pro2 weather station from January
2021 to December 2023. The geo-climatic factor and the fade depth exceedance probability distributions have been
obtained for frequencies ranging from zero to 100 GHz with a path length of 5 km. The findings show a sudden increase
in the fade depth when the frequency increases until about 16 GHz. Moreover, the effect of path length is quite noticeable
on the amount of fade depth exceeded 0.01 percent of the time since there will be more fade depths when the path length
increases due to several reflection effects owing to the bending effect of the radio wave from the refractivity gradient. It
was found from this study that the month of January experienced the maximum outage probability rate with a geo-
climatic factor of 1.81E-04, which can be considered ducting conditions. This suggests that there is a variation in
atmospheric parameters like temperature, pressure, and moisture levels during different seasons and at different times
of day, resulting in different fade depths.
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1. INTRODUCTION

Communication using microwave technology, which lies in the frequency range from 1 GHz to 300 GHz, is
one of the technologies that have made tremendous advances in recent times in the field of wireless
communications, such as 5G and high-speed data communications [1]. There is increasing pressure in finding
fast communication technology solutions, and hence the need for microwave technology in order to enable
fast communication over short distances [2]. Nevertheless, the use of communication technology suffers from
several challenges, especially when used in the tropics, since changes in the atmosphere have adverse effects
on the microwave signal [3]. One of the problems faced in the transmission of microwave signals is multipath
fading, in which case the signals travel along multiple paths to reach the destination [4].
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Multipath fading effects are even more severe in tropical areas such as Akure, Nigeria, owing to the intricate
relationship between temperature, humidity, and pressure in these regions [4]. The accurate prediction and
prevention of multipath fading are essential to improving the robustness and efficiency of microwave
communications [5, 6]. This paper considers the variations in the atmosphere and multipath fading statistics in
Akure, analyzing frequencies of up to 100 GHz. In this work, by considering in-situ atmospheric data, the role
of various environmental factors in multipath fading effects is examined. Several studies have been conducted
on the difficulties associated with multipath fading in microwave technology, specifically concerning high-
frequency communication [7]. The sensitivity of the microwave signal to environmental factors like rain,
humidity, and temperature fluctuations is well understood [8]. For example, [9] studied the effect of rain
fading on line-of-sight microwave links, pointing out that this problem is particularly pronounced in tropical
regions where there is abundant moisture and rainfall. Likewise, [10] looked into rain fade in Nigeria and
showed how these environmental factors interfere with microwave communications. In addition to rain fading,
multipath fading constitutes another major challenge in microwave communication technology. Kelmendi et
al. [11] studied the problem of modeling propagation impairment and methods for mitigating fading for Earth-
satellite communications. In their study, Kelmendi et al. considered the Ka-band, and the authors observed
that multipath fading is a factor that could critically impact signal availability if appropriate measures are not
taken. Several ways have been suggested for mitigating multipath fading in microwave systems. Some
advanced methods such as beamforming and adaptive modulation were used for improving the quality of
signals and avoiding interference. Furthermore, Mufioz et al. [12] carried out a detailed comparison of
radiosonde meteorology data with the help of drones, satellite data, and WRF simulations. The experiment
revealed the way in which UAVs can help collect real-time data about the atmosphere, thus enhancing the
predictions related to the fading of signals. The results obtained through the use of UA Vs show the significance
of obtaining accurate information about the atmosphere in order to solve the problems related to fading in
microwave communications. The present paper, however, takes into account previous studies and applies the
knowledge gained from them to solving the problems of geo-climatic conditions and multipath fading statistics
in Akure, Nigeria.

2. GEO CLIMATIC FACTOR AND FADE DEPTH

2.1. Geo-climatic Factor Determination

As noted in Section 1, the propagation of radio waves within the troposphere is affected by changes in climatic
factors such as temperature, pressure, and humidity. These variables are linked to atmospheric refractivity,
which can be represented by equation (1). In this expression, (N) denotes atmospheric refractivity, (n) is the
refractive index of the atmosphere, (T) represents temperature (in Kelvin), (P) is the atmospheric pressure (in
hPa), and (e) refers to the water vapor pressure (in hPa) [8].

77.6 e
N = (n—1)x10° =T(P+4810T) (1

The water vapor pressure e is given by (2), where H (%) is the relative humidity and t (°C) is the air
temperature:

_61121H 17.502¢ .
=00 *GT 22097

The refractivity gradient, which indicates how refractivity changes with altitude, is particularly important for
line-of-sight (LOS) link designers. Multipath fading can occur only when this refractivity gradient in the
atmosphere varies with height. The refractivity gradient is calculated using equation (3), where N; and N»
represent the refractivity values at different altitudes, h; and ho, respectively [8, 13]:

dN NZ_Nl
dh  h,—h,

3

The frequency of occurrence of the refractivity gradient within the first 65 meters above ground level is
evaluated. Following this, the cumulative distribution of the refractivity gradient (dN/dh) is calculated based
on the observed frequency. The geo-climatic factor, which is useful for rapid planning, can be determined
using the method outlined in ITU-R P539-12 (2015). In this process, (dN) represents the point refractivity
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gradient in the lowest 65 meters of the atmosphere, which is not exceeded for 1% of an average year, as
specified by [14]:

K= 10—4.6—0.0027dN1 (4)

2.2. Fade Depth Prediction

The fade depth, in decibels (dB), is the ratio of the power of the reference signal to that of the faded signal
[15]. ITU-R provides methods for determining the narrow-band fading distribution at deep fade depths,
suitable for fast and detailed planning purposes. These approaches consist of three steps: first, determining the
geo-climatic factor (K); second, calculating the path inclination; and finally, estimating the percentage of time
that a specific fade depth (A) is exceeded during the worst month on average. Path inclination (ep) is derived
using the heights of the transmitting and receiving antennas (he and hr), measured in meters above sea level,
along with the path length (d) in kilometers [14].

lep| = [he — hr|/d )

To get an approximate value for the third step for fast planning purposes, the equation (6) can be used, where
pw is the percentage of time when fade depth A (dB) exceeds in the worst month on average, f'is the frequency
(GHz), hL is the height of the lower antenna (minimum of he and hr), d and K are distance and geo-climatic
factor, respectively.

Pw = K d3.1 (1 + |£p |)—1.29f0.8 X 10—0.00089hL —A/10 (6)

The continuous variation of the propagation medium results in the fact that the probability of obtaining a
certain fade depth will be directly proportional to the probability of outage, and therefore to the availability
probability of the link, provided that the specified fade depth results in the signal level being below the squelch
threshold [16]. The proposed paper considers the application of the ITU-R method, which yields an average
deviation of 5.9 dB from the actual value.

3. METHODOLOGY

3.1. Scope of Data and Study Location

The tropical location under consideration is Akure, Ondo State (as shown in Figure 1), situated in the
Southwestern region of Nigeria. Positioned at latitude 7.15°N and longitude 5.12°E, Akure stands at an altitude
of 358m. The tropical climate exhibits distinct wet and dry seasons, influenced by the south-west wind from
the South Atlantic Ocean and the dry harmattan wind from the Sahara Desert. The region experiences
temperatures ranging from 28°C to 31°C annually, with approximately 1,500 mm of rainfall and 80% humidity
[4, 17]. The data set used in the present study is derived from the communication research group archive of
the physics department, Federal University of Technology Akure (FUTA). They contain weather parameter
values (temperature, pressure, humidity) measured within a three-year period, starting from January 2021 till
December 2023, at the surface and 100 m altitude, using a Davis Vantage Vue weather station. Measures were
taken to handle missing data. Data cleaning involved aggregation of recorded atmospheric parameters (taken
each 30 minutes) into hourly, daily, and monthly averages. Further processing of the processed data was very
helpful in explaining the refractivity gradient effect in tropical regions. Key atmospheric parameters such as
temperature, pressure, and relative humidity underwent detailed examination, exploring diurnal and seasonal
variations presented through graphs. Fade depth was estimated using the expression stated in equation (6).
Other parameters, such as refractivity gradient and geo-climatic factor, were also estimated using equations
(3) and (4), respectively, which aggregated to the formula used to estimate the fade depth. The formula
presented in equation (6) above describes the ITU-R procedure in determining the percentage of time when a
certain fade depth occurs. This procedure allows predictions to be made at fixed fade depth levels or at fixed
percentages of outage. After determining the value of the geo-climatic factor, K, its values can be used in
making predictions about the percentage of time a certain fade depth exceeds.
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Figure 1. Map showing the study area showing key locations in Akure, Ondo State, Nigeria
4. RESULTS AND DISCUSSION

4.1. Variation of Atmospheric Parameters

Figure 2 (a) and (b) illustrate typical profiles of diurnal and seasonal variation of atmospheric temperature over
Akure at two different altitudinal layers (surface level and 100 m) for the year 2022. Figure 2(a) reveals
fluctuations in average temperature across different hours, with certain periods experiencing higher
temperatures. Of particular interest is the fact that maximum and minimum temperatures are recorded at 15:00
hours (3:00 PM) and 06:00 hours (6:00 AM), respectively, both at surface and 100-meter levels. At both times,
surface temperatures are higher than those at 100 meters, and the greatest temperature difference is seen at
15:00 hours (3:00 PM), whereas the least temperature difference is recorded at 06:00 hours (6:00 AM). This
is explained by the Sun's impact on temperature, whereby surface temperatures increase during the day due to
warming caused by sunlight and decrease at night as a result of cooling through radiation [9]. In addition, as
can be seen from Figure 2(b), surface temperatures values are higher than those measured at 100 meters
because of surface warming during the day and subsequent heat dissipation at night, resulting in higher surface
layer temperatures [18]. Trends in temperatures are characterized by periodic wave changes with maximum
temperatures in February and minimum temperatures in July, which is usual for tropical regions with stable
seasonality changes [18, 19]. The location exhibits a consistently warm climatic characteristic with average
monthly temperatures above 290 K (17°C) throughout the year, typical of equatorial regions. Temperature
variations are relatively small, with a difference of about 5 K between the hottest and coldest months, a key
characteristic of tropical climates. Meanwhile, nighttime temperature differences between ground and 100
meters levels are minimal, indicating limited ground heat release [6].
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Figure 2. Typical profile of diurnal and seasonal variation of temperature at (a) the surface and (b) 100 m level

Similarly, Figure 3 (a) and (b) illustrates typical profiles of diurnal and seasonal atmospheric pressure
variations at the surface and 100 m levels over Akure for the year 2022.

It is noted that the surface pressure consistently exceeds the pressure at 100 m altitude, which is attributed to
the natural decrease of atmospheric pressure with increasing height. At both levels, the pressure exhibits a
sinusoidal variation, with maxima occurring in the early morning and late afternoon and minima in the mid-
morning and mid-afternoon, reflecting a typical diurnal cycle driven by solar heating [7]. The most significant
pressure difference occurs between the morning, around 10 AM, and late afternoon, around 5 PM, from about
994 hPa to 990 hPa. Similar pattern is seen for the higher level with peak and least values of 991 hPa and 987
hPa respectively. Meanwhile, Figure 3(b), displays seasonal pressure variation profiles at ground and 100 m
levels. Surface pressure values consistently exceed those at 100 meters throughout the year due to natural
atmospheric pressure decrease with altitude. Both elevations follow a sinusoidal pattern, with pressure peaks

around July and lows around January, opposing typical tropical temperature variation patterns [20], for both
the surface and elevated layers.
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Figure 3. Typical profile of diurnal and seasonal variation of Pressure at (a) the surface and (b) 100 m level

Figure 4 (a), depicts the diurnal variation of humidity at surface level and 100m for the year 2022 respectively.
Both elevations exhibit noticeable diurnal fluctuations in humidity, peaking in the early morning (around 6:00
AM - 7:00 AM) and dipping in the early afternoon (around 2:00 PM - 3:00 PM). Surface-level humidity
consistently surpasses that at 100 meters throughout the day, with a margin ranging from about 10% to 15%.
The most significant humidity difference between the two heights is spoted in the early morning and late
evening (around 10% - 15%), diminishing to its smallest in the early afternoon (around 5% - 10%). This can
be attributed to the effects of temperature differences. During night hours when there is cooling of the air,
water vapor gets condensed resulting in low levels of humidity. With the sun rising and providing heat,
evaporation occurs resulting in high levels of humidity, but then there is a fall as the temperature rises [20].
Additionally, the smaller humidity difference between the two heights at night is likely due to faster land
cooling compared to higher altitudes, resulting in less temperature and evaporation contrast. Figure 4(b),
illustrates the seasonal variation of humidity at surface level and 100m for the year 2023, depicting monthly
changes in humidity. Both altitudes exhibit pronounced seasonal fluctuations in humidity, peaking during the
wet season (April to October) and declining in the dry season (November to March). Surface-level humidity
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consistently surpasses that at 100 meters throughout the year, with a margin ranging from approximately 5%
to 15%. The most substantial humidity difference between the two heights occurs in the wet season (around
10% - 15%), reducing to its smallest in the dry season (around 5% - 10%). The peak surface-level humidity
reaches approximately 80%-85% in August, while the peak at 100 meters occurs around 75%-80% in July.
Conversely, the lowest humidity at the surface level is around 45% in February, with the lowest at 100 meters
at approximately 45% in February. The differences may be accounted for by the variations in temperature and
precipitation levels, with the wet period showing higher precipitation levels and slightly lower temperatures,
thus contributing to high evaporation and high humidity [21]. On the other hand, the dry period features low
precipitation levels and higher temperatures, thus lower evaporation rates and humidity. Increased surface
humidity levels can be explained by the availability of more water vapor at surface level. Moreover, the low
difference in humidity levels in the dry season may be due to the rapid drying of the land surface relative to its
elevation.
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Figure 4. Typical profile of (a) diurnal and (b) seasonal variation of Humidity at the surface and 100 m level
4.2. Variation of Refractivity Gradient

In Figure 5(a), the chart shows the daily fluctuations of the refractivity gradient in a constant downward trend
through the day. This starts at a value of -44 N-units/km at 3:00 AM and falls to its lowest level at 8:00 PM at
a value of -98 N-units/km before rising slightly to approximately -70 N-units’km at 11:00 PM. There are
instances where there are sharp falls at different times of the day like 1:00 AM to 2:00 AM and 5:00 PM to
6:00 PM, whereas there are also rises in value at certain periods, like 6:00 AM to 7:00 AM and 10:00 AM to
11:00 AM. Some of the determinants of this change include the temperature, pressure, and humidity, among
others.

The graph in Figure 5(b) demonstrates the seasonal variation in the refractivity gradient, displaying a clear
seasonal trend with maximums for the dry period (November to April) and minimums for the wet period (May
to October). The maximum gradient value, which stands at around -25 N-units/km, is evident in January,
whereas the minimum of about -45 N-units/km appears in August. During the course of months, there is an
upward increase in gradient until April, with the maximum attained in January, while there is a downward
decrease in gradient between May and August, where the lowest is attained in August. For the next two months
(September to October), there is again an upward rise in the gradient but not as high as in the dry period. These
fluctuations find explanations in temperature differentials, with the dry season's warmth resulting in a lower
refractive index and thus a steeper negative gradient [22]. In contrast, the relatively cooler weather during the
wet season results in a milder gradient. In addition to this, the humidity difference between the two seasons
plays an important part, whereby the drier weather condition during the dry season creates the steeper gradient,
whereas the wet season with its higher humidity levels creates a milder gradient to the earth surface. The little
rainfall experienced during the dry season means low atmospheric aerosol content, which in turn affects the
refractive index gradient. Other factors include geographical location and yearly differences among others that
contribute to the formation of these characteristics [8].
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Figure 5. (a) Diurnal and (b) Seasonal variation of Refractivity gradient at the surface level and 100m for the year 2023

4.3. Variation of Geo-climatic Factor and Fade Depth

Figure 6 (a) is a depiction of the graph showing the yearly change in the Geo-climatic factor in the year 2022,
which shows the changes occurring in this factor on a monthly basis. Since the Geo-climatic factor is directly
associated with the point refractivity gradient function, it shows a similar trend but in reverse order. This Geo-
climatic factor, represented by K, is one of the most critical elements in determining the outage probability of
the worst month. An increase in Geo-climatic factors leads to fading of radio wave signals in a particular
region. It was identified that there was the maximum outage probability in the month of January having the
value of Geo-climatic factor K (1.81E-04). The Geo-climatic factor is indicative of path fade depth, suggesting
that radio wave signals may encounter ducting conditions during such months [23]. Figure 6(b) shows the
seasonal variations for the percentage of time when various fade depth values (5 dB, 10 dB, and 15 dB) are
exceeded in Akure. In this case, it is apparent that the months of January and August always show relatively
high percentages of time compared to the other months for all fade depths examined. Another interesting
observation can be seen in the graph — there is an inverse relationship where the bigger the fade depth value,
the lower the percentage of time when it was exceeded. The cause for this might have something to do with
the atmospheric condition or weather experienced in those months. Another thing to consider is that, with a
larger fade depth value, it is possible that such conditions only happen less frequently [24]. This may depend
on seasons, for instance, atmospheric stability, temperature inversion, and other weather-related factors [25].
As illustrated in the figure, there is a rapid growth of fading depths with an increase in frequencies, especially
around 16 GHz. Further, the rate at which the fading depth increases becomes less significant as the frequencies
continue to grow. This data will be useful for determining the availability of systems in a particular period [9,
26].
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Figure 6. Seasonal variation of (a) Geo-climatic factor (b) percentage of time that different fade depth values (5dB,
10dB, and 15dB) are supposed in Akure
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In Figures 7(a-d), the percentage exceedance of the multipath fade for path length variation and frequencies
over three years (2021, 2022, 2023), and the total period has been shown. From the graph, it can be seen that
there is a great effect of the path length on the depth of fade exceeded. Longer path lengths exhibit higher
values of fade depth exceedance, a phenomenon attributed to the increased prominence of the multipath
phenomenon for extended distances [11]. This occurs due to multiple reflections caused by the bending of the
radio beam induced by a more negative refractivity gradient [27]. This aligns well with the work of [28] which
reported that “path attenuation remains notably low for shorter path differences while significantly increasing
for longer ones, a relationship that underscores the direct correlation between path attenuation and path
difference”. Similarly, the observations also agree with the work of [29], which reported that “the free space
path loss is highly dependent on the carrier frequencies”, implying that “as the carrier frequency increases, the
free space path loss will also increase”. While it is a fact that other factors, such as the propagation environment
and geometry, also contribute to fade depth variability, the role of increasing frequency cannot be
overemphasized.
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Figure 7. (a-d) Percentage exceedance of multipath fade with varying path lengths across different frequencies

5. CONCLUSION

The variation of the chosen primary radio-climatic parameters, i.e. atmospheric temperature, atmospheric
pressure and atmospheric relative humidity, and secondary ones, such as refractivity gradient, geo-climatic
factor, and multipath fade characteristics has been thoroughly examined throughout Akure, Nigeria. This
analysis used meteorological data collected by the Davis 6162 Vantage Pro2 weather station between January
2021 and December 2023. The geo-climatic factor of the data and the probability of exceeding the fade depth
at frequencies of 12.5, 18, 26, 40, 75, and 100 GHz over a 5 km terrestrial path were determined using these
data. The findings indicate a steep rise in the depth of fading as frequency increases, especially to around 16
GHz after which the pace of fading level off. This is due to the fact that higher frequencies are becoming more
sensitive to changes in the refractive index of the atmosphere and multipath interference effects. At the lower
microwave frequencies, the wavelength is much larger than the inhomogeneities of the atmosphere, giving a
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smaller scattering and multipath effects. However, the higher the frequency, the shorter the wavelength, and
thus the closer the wavelength is to the scale of refractive irregularities in the troposphere, the more the
scattering, diffraction, constructive/destructive interference patterns that add to deeper fades.

The fact that the dependence on the path length on the fade depth is noticeable, also supports the importance
of the atmospheric stratification and refractivity gradient. The more the propagation distance, the more there
is a chance that a multi path will be formed as a result of reflections and refractions in layers of different
refractive indices. Specifically, negative refractivity gradients (super-refraction) and steep temperature and
humidity discontinuity gradients enhance ducting, where radio waves are trapped and guided in layers of the
atmosphere, leading to ducting. This mechanism greatly increases the variability of the signal and adds to the
increased fade depths, particularly at low time-percentage exceedances like 0.01%. The geo-climatic factor
derived, with the maximum values obtained in January, represents the times of greater atmospheric instability
and higher chances of aberrant propagation conditions. These are normally linked to high vertical gradients of
temperature and moisture resulting in high refractivity gradients and multipath activity. These conditions
falling into the ducting regime classification is congruent to the well-known theory of propagation where large
values of the geo-climatic factor mean that the environment is susceptible to severe fading events. Moreover,
the seasonal fluctuation in the statistics of fade shows the powerful effect of the local meteorology on the
propagation of radio waves. Variations in atmospheric temperature
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