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Wind-Blown Foliage and Human-Induced
Fading in Ground-Surface Narrowband

Communications at 400 MHz
Poh Kit Chong, Member, IEEE, Seong-Eun Yoo, Seong Hoon Kim, and Daeyoung Kim, Member, IEEE

Abstract—As small-scale fading is a spatial phenomenon, the
movement of objects in the environment around static sensor
nodes can induce significant fades. However, there have not been
many works characterizing small-scale fading due to environ-
mental factors for ground-surface wireless communications. We
first measure the temporal fading characteristics experienced by
antennas located just 1.5 cm above the surface of the ground
due to wind-blown foliage or human movement in the environ-
ment for a narrowband channel in the 400-MHz frequency band.
We then compare the extracted data to existing distributions
and show that fading due to wind-blown foliage can be mod-
eled as a Nakagami-m distribution, with wind speed and excess
path-loss-dependent m shape factors. The α-μ distribution best
characterizes the small-scale fading of a single human pedestrian,
which is shown to have a repeatable pattern and can be up to 40 dB
below the no-fading mean, whereas the Rician distribution, with
an excess path-loss-dependent K-factor, can be used to charac-
terize fading from multiple human pedestrians. We also report
the second-order statistics of the average fade duration and the
level crossing rate for fading caused by wind-blown foliage and
multiple human pedestrians. Finally, we discuss the significance
of the results on wireless sensor network protocol design and
applications.

Index Terms—Fading, ultra-high frequency (UHF) propaga-
tion, wireless sensor networks.

I. INTRODUCTION

THE PHENOMENON of fading caused by the movement
of foliage obstructing the line-of-sight (LOS) path be-

tween transmitter–receiver (T–R) pairs with elevated antennas
has been studied in recent years for various frequency bands
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and different systems [1]–[7]. However, many sensor network
applications [8] require nodes to be placed on the ground or
other surfaces, which causes half of the first Fresnel zone to be
obstructed. Furthermore, the Norton surface wave component
of the ground wave cannot be ignored when the antenna is be-
low one wavelength (λ) in height [9]. Hence, we are motivated
to explore the temporal fading effects caused by wind-blown
foliage and human movement experienced by ground-surface
narrowband communications.

Previous attempts by Foran et al. [10] and Welch et al. [11]
to characterize surface-level fading focused on the changes
in heights of the antennas caused by specific human forms
(standing, sitting on the floor, or lying prone), rather than for
movement between static nodes. Joshi et al. [12] measured
fading in foliated environments but with antenna heights of at
least 75 cm above the surface of the ground. Sohrabi et al. [13]
and Martínez-Sala et al. [14] both focused on estimating the
path loss exponent for ground-surface communications rather
than fading. We are not aware of any other work done so far to
characterize fading experienced by ground-surface-level wire-
less communications caused by movement in the surrounding
environment.

The objective of this paper is to perform experimental
measurements of small-scale fading experienced by wireless
devices located just above the surface of the ground, which
is caused by movement in the surrounding environment for
narrowband communications in the 400-MHz band, and to
statistically characterize and model the fading channel. We first
measure the fluctuation in signal strength at 70 locations in two
different foliated environments over a period of 6 mo between
mid-August 2009 to mid-February 2010, covering the seasons
of fall and winter. The effects of wind speed ws and excess path
loss Δ on the severity of fading caused by wind-blown foliage
movement are observed, and we derive an empirical expression
to represent the severity of the fading due to these factors.
We then demonstrate that movement from a single human
pedestrian is best characterized using the α−μ distribution and
that the fading from movements of multiple human pedestrians
is Rician distributed based on 30 measurements performed over
15 days. The severity of fading caused by human movement can
also be linked to static excess path loss. Finally, we discuss the
implications on wireless sensor network protocol design.

The sections of this paper are organized as follows: Section II
briefly describes our measurement setup and environment.
Section III highlights the temporal fading characteristics of the
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Fig. 1. Scatter plot of measured signal versus input signal.

signal caused by wind-blown foliage and presents an empirical
representation of m as a function of average wind speed and
excess path loss in fall and winter. The effects of human
movement are shown in Section IV. Section V introduces some
of the implications on existing sensor network protocols and
simulation. Finally, we conclude in Section VI.

II. MEASUREMENT EQUIPMENT, ENVIRONMENT,
AND METHODOLOGY

A sinusoidal carrier wave (CW) transmitted at 10 dBm in the
400-MHz band was used as the signal source. As the receivers,
we used a spectrum analyzer and sensor nodes to measure the
amplitude of the CW. All the systems were equipped with the
same type of λ/4 whip antenna with a 1.88-dBi gain. No ground
planes were used to emulate realistic sensor node setups.

The spectrum analyzer was set to zero span with a 1-ms
sweep time, and its video out signal was connected to a
multimeter that was remotely controlled through the general
purpose interface bus interface. The voltages corresponding to
the peak marker traces were directly captured into a laptop at
200 samples/s. These voltages were then converted to the
corresponding received power value. The (resolution) band-
width and the video bandwidth of the spectrum analyzer
were set to 10 and 30 kHz, respectively. The receiver sen-
sor nodes were configured to measure the received signal
strength indicator (RSSI) value every 5 ms as a single measure-
ment or every 300 μs for 25 consecutive times every 50 ms
as a burst measurement. The first setting allows a constant
sampling of the channel and is similar to the sampling rate
used in a previous work that characterized fading for wind-
blown foliage [1], [4], whereas the second setting is used to
determine the maximum amount of intrapacket fading in the
channel within the time taken to transmit a single packet (a 64-B
packet with an additional 8-B overhead takes approximately
7.5 ms to transmit at 76.8 kb/s).

The sensor nodes were calibrated using the spectrum ana-
lyzer, which has an amplitude accuracy of ±2.03 dB at 0–55 ◦C
for the 400-MHz frequency band. Fig. 1 shows the measured
signal strength at the spectrum analyzer and sensor nodes versus
the input signal strength after calibration. The sensor nodes give

Fig. 2. Environment H. (a) Mid-fall. (b) Late winter.

a relatively accurate value of the signal strength compared with
the spectrum analyzer.

The average and maximum wind speeds were recorded every
15 s using a mobile weather station for measurements relating
to wind-blown foliage movement. The anemometer is portable
and was setup as close as possible to each measurement location
since the wind is usually gusty and nonuniform within a large
area. The accuracy of the anemometer is ±0.18 m/s with a
maximum speed of 56 m/s.

We performed the measurements in four different environ-
ments, detailed as follows:

1) Environment H—A hilly area with slope gradients be-
tween 6◦ and 25◦. The ground of the terrain is densely
covered with creeping vegetation about 50–70 cm high.
The leaves of the vegetation are broad and spade shaped
with a length of 30 cm and a maximum width of 30 cm
and are deciduous. The hills are also populated by a mix
of trees with coniferous leaves, simple deciduous leaves,
and simple nondeciduous leaves. The foliage in fall and
winter is shown in Fig. 2.

2) Environment P—A grassy plain that is covered in meter-
high reedy grass and some small shrubs interspersed with
some 3-m-tall petiolated compound leaf trees. The size of
the leaves on the trees and shrubs is small with a surface
area of around 15–50 cm2, whereas the blades of the grass
were around 30–40 cm long with a maximum width of
1 cm. The leaves on the trees and the shrubs are decid-
uous, whereas the grass dries up in winter. The foliage
during fall is shown in Fig. 3.
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Fig. 3. Environment P in mid-fall.

Fig. 4. Environment F in mid-fall.

Fig. 5. Environment C in mid-fall.

3) Environment F—Two football fields next to each other
measuring 50 m × 90 m and 60 m × 100 m, respectively.
The fields are flat and sparsely covered with short grass
(see Fig. 4).

4) Environment C—Center of the campus near the plaza and
the cafeteria with many human pedestrians with varying
movements and speed. The ground was a mixture of
bitumen road, cement tiles, and grass (see Fig. 5).

Measurements for foliated environments were performed in
fall, when the foliage was densest, and in winter, after all the
deciduous foliage had fallen for Environments H and P

To measure the temporal fading from foliage and human
movement, the base of the transmitter’s antenna is first placed
1.5 cm above the ground at a selected location. The receiving
antennas are then placed at a separate location, also at 1.5 cm

Fig. 6. Time-varying signal power (top) and average wind speed (bottom) on
September 1, 2009.

above the ground surface, based on either a selected distance
from the transmitter or a desired excess path loss over the
average path loss measured from previous measurements [15].
Experimenters are always located at least 15 m away from
the antennas during measurements to prevent any interference
from human presence. Measurements of the effects of a single
human movement were only performed on calm windless days,
and only the person selected to cause fading approached the
receivers or transmitter to try to exclude other possible sources
of fading. Measurements for multiple humans were performed
over a period of 15 days.

III. WIND-BLOWN FOLIAGE

Movement of wind-blown foliage can cause fading, as can
be seen in Fig. 6, which shows the received signal power taken
over a period of 50 min in windy conditions on September 1,
2009 at a location in Environment H. However, the severity of
the fades depends on the excess path loss as well as the wind
speed. The red line (upper) in Fig. 6 is the fading recorded at a
location with ΔdB = 0 dB, whereas the blue line (lower) is the
fading recorded at a nearby location with ΔdB = 18 dB.

Fading in foliated channels (tree branches and leaves) has
been characterized to be either Rician [2], [4], Nakagami-m [2],
log-normal [3], or extreme value [3] distributed. These works
measure the effects of fading using a reference signal located
on a very high tower to a receiver at around human height
above ground level for carrier frequencies of above 1 GHz.
Meng et al. [16] found that fading in dense tropical foliage is ei-
ther Rician or Gaussian distributed for very high frequency and
subgigahertz ultra-high frequency (UHF) CWs using antennas
located 2 m above the ground.

To characterize the fading caused by wind-blown foliage, we
follow [2] and [4] by normalizing the measured signal envelope
(amplitude) to its mean and statistically modeling the resulting
values using the distribution functions previously mentioned
and the flexible two-parameter α−μ distribution [17]. To de-
termine how well the measured and theoretical distributions fit,
the root mean square error (RMSE) between the cumulative
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TABLE I
AVERAGE RMSE FOR WIND-BLOWN FOLIAGE FADING DISTRIBUTIONS

Fig. 7. CDF of measurement data compared with theoretical cdf for 4 min of
samples from antenna locations with high and low excess path losses in Fig. 6.
The curve for the high excess path loss (lower (blue) in Fig. 6) line has an
m = 7.6, whereas the low excess path loss (upper (red) in Fig. 6) curve has an
m = 82.8.

distribution function (cdf) of the measurement data and the cdf
of all the theoretical distributions is calculated as follows [4]:

RMSE =

√∑N
i=1 E2

i

N
(1)

where N is the number of sample points, and Ei is the
difference between the measured and theoretical cdfs at the
same fading values. The average RMSE for all distributions is
recorded in Table I. The distribution with the lowest RMSE is
considered to be the distribution providing the best fit.

It can be observed from our measurements that the
Nakagami-m [18] and α−μ distributions give the best fit with
the lowest RMSE values, with the α−μ distribution giving
a slightly better fit, and both distributions outperforming the
Rice [19] and Gaussian distributions. However, we choose the
Nakagami-m distribution to model the fading effects from
the wind-blown foliage because the results from the Nakagami-
m distribution fit both the first- and second-order statistics of
the measurement results very well with one parameter less than
the α−μ distribution, although the α−μ distribution provides
a superior fit for the first-order statistics. Furthermore, the m
shape factor of the Nakagami-m distribution can appropriately
be characterized as a function of wind-speed and excess path
loss, which we will show later in this section. It should be
noted that the results shown in Table I are for windy conditions.
During calm conditions with no wind, there is hardly any
variation in signal strength recorded, and it can be assume that
no fading occurs (i.e., a delta function). Fig. 7 show the cdf plot
of the first 4 min from Fig. 6 compared with the theoretical cdfs

Fig. 8. Median m versus average wind speed.

of the Nakagami-m distribution. The Nakagami-m probability
density function (pdf) of the signal envelope r is [20]

pN (r) =
2mmr2m−1

Γ(m)Ωm
e

−mr2

Ω (2)

where m is the Nakagami shape factor, Ω is the average signal
power, and Γ is the Gamma function. m is related to the Rice
distribution’s K-factor by m ≈ (1 + K)2/2K + 1 for m ≥ 1,
and a Nakagami-m distribution can be approximated by a
Rician distribution as [20]

pR(r) =
2(K + 1)r

Ω
e

(
−K− (K+1)r2

Ω

)
I0

(
2

√
K(K + 1)

Ω
r

)

r,K,Ω ≥ 0 (3)

where I0(·) is the zeroth-order modified Bessel function of the
first kind, and K and Ω are the shape and scale parameters,
respectively. K is the ratio of the power received via the
dominant path to the power contribution of the random paths,
and Ω = E[r2] is the average signal power, where r(t) is the
received signal envelope.

We first estimate m using the inverse normalized variance
estimator [20] from 4-min measurement samples of 48 000
points each. Then, these were binned according to the average
wind speed ws = [0, 1, 2, . . . , 7] ± 0.5 m/s measured over the
same period. By plotting the median m for each bin, we can
derive a statistical model for the distribution of the m shape
factor. Fig. 8 shows the median m for our measured data in
each ws bin in the H and P environments in fall and winter. The
median m can be seen to exponentially decay according to ws
for all environments and season. The effect of the wind is more
significant when changing from no wind to moderate wind
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Fig. 9. log(m) versus ΔdB at ws = 3 for Environments H and P in fall and
winter.

speed than when going from moderate to high wind speeds. A
large variance was also observed around each median data due
to factors such as wind direction or Δ at each location. This
is because a change in wind direction may affect the severity
of fading, even if the wind magnitude remains unchanged, due
to the changing of the foliage angles. However, the median m
shows a strong correlation to ws.

Fig. 6 highlighted the effects of excess path loss on the
severity of fading caused by wind-blown foliage. We found that
distance is not an important factor in determining the severity
of the fades for our results. To determine the effects of excess
path loss, we first determined the excess path loss ΔdB (in
decibels) at each sample location by comparing the measured
signal strength with regard to the average for that distance and
terrain profile using data from prior measurements [15]. We
then compared the estimated m values to ΔdB for each sample.
Fig. 9 shows the median m for ws = 3 m/s at Environments
H and P in fall and winter plotted against the ΔdB for each
sample location. By plotting the values of m in logarithmic,
a strong negative linear correlation between log(m) and ΔdB

(the log symbol is used to represent a base-10 logarithm) can
be seen. Measurements for other ws show a similar linear
relationship between log(m) and ΔdB. Since no fading occurs
when ws = 0 m/s, we omit the results from our analysis. As the
median m decays exponentially according to ws (Fig. 6), we
use MATLAB to perform multiple regression for log(m) as a
function of ws and ΔdB. The median m can then be represented
as a function of ws and ΔdB as follows:

log(m) =C2ws + C1ΔdB + C0

or

m = Δ10C110(C2ws+C0) (4)

where C2, C1, and C0 are the regression coefficients depending
on the season and environment, with a minimum value of m
of 0.5. The values of the coefficients for both environments
are summarized in Table II. The coefficients show that En-
vironment P is less affected by foliage movement compared
with Environment H and has coefficients relatively similar to

TABLE II
C0,C1, AND C2 VALUES

Fig. 10. LCRs. The estimated m values for the plots are 35.14, 0.95, 63.45,
3.3, 106.52, and 49.37 for the scenarios listed top-down in the legend.

Environment H during winter when only some of the trees
still have leaves. We speculate that this is due to the foliage
in Environment H having a larger surface and being more
dense, thus scattering the diffracted and reflected signals more
effectively.

The level crossing rates (LCRs) are defined as the rate of
which a fading signal envelope crosses a level in a positive
going direction. The LCRs derived from two receivers posi-
tioned within λ/2 of each other but with different ΔdB for
high (6–7 m/s), medium (3–5 m/s), and low (1–2 m/s) ws
are shown in Fig. 10. High and low Δ’s are 12.2 and 1.7 dB
above the predicted average, respectively. The signal variation
is higher and occurs more often when ws increases and is
more significant with higher ΔdB, as can be seen from the
larger spreads. Fig. 11 shows the comparison between the
measured LCR and the theoretical closed-form Nakagami-m
LCR formula obtained from [21]. We omit the results of the
low Δ, because they are quite similar to the low ws, as well as
to reduce clutter.

The average fade duration (AFD) is defined as the average
period of time a received signal is below a specified level.
The AFD shows that when Δ is high, faster winds can cause
significant changes to the received signal for longer durations,
whereas in other conditions, the received RF signal fades for
less time (see Fig. 12). The shapes of the curves for high and
medium winds with high Δ are quite similar, showing that
wind speed has less effect on the AFD after a certain level.
The “Z” shape seen in the curves for low ws and/or low Δ
indicates that the RF signal tends to fluctuate constantly about a
small range in these conditions. Fig. 13 shows the comparison
between the measured AFD versus the theoretical Nakagami-m
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Fig. 11. Measured versus simulated LCRs. The estimated m values for the
plots are 0.95, 3.3, and 49.37 for the high, medium, and low wind speeds,
respectively.

Fig. 12. AFD.

Fig. 13. Measured versus simulated AFD.

AFD obtained from [21]. Similar to the LCR graphs, we omit
the results of the low Δ.

The top graph in Fig. 14 shows the signal variation recorded
within a burst measurement, whereas the bottom graph shows

Fig. 14. Signal variation within a burst measurement (top) and average signal
strength in a burst measurement relative to the median for all measurements.

the average signal strength of the envelope for each burst rela-
tive to the median signal strength for all burst measurements.
These graphs show that the channel is usually coherent and
has little variation in signal strength throughout the time taken
to receive a single packet in wireless sensor networks, except
when deep fades occur, and confirms the LCR and AFD results.
During deep fades, the received power recorded over a single
burst measurement may vary by up to 6 dB.

IV. HUMAN MOVEMENT

Similar to wind-blown foliage, human movement in the
vicinity of a T–R pair can also cause fading. However, the
fading effects caused by human movement are more difficult
to classify compared with wind-blown foliage as there is a very
wide range of possible movements, velocity, and positions that
a person can make as well as the effects of different numbers
of people. We perform measurements at Environment F for a
human walking perpendicular (⊥) or parallel (‖) to the LOS
path. In these experiments, the T–R pairs were separated by a
distance of 10, 20, or 30 m. We ensured that the received signal
strength was near the predicted average value to remove the
effects of excess path loss.

For the perpendicular movements, a person walked along a
10-m route perpendicular to the LOS path of the T–R pair at
a consistent speed of 0.67 m/s, with the middle of the route
intersecting the LOS path. The route for the first measurement
was across the face of the transmitter, with each subsequent
route spaced 2.5 m away from the transmitter and toward the
receiver before the final route ended across the face of the
receiver.

For the parallel movements, a person walked along a route
parallel to the LOS path, starting at 5 m behind the transmitter
and ending 5 m behind the receiver. The first route started on
the LOS path, with the subsequent routes spaced at multiples of
1.5 m away from the LOS path.
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TABLE III
AVERAGE RMSE FOR FADING DISTRIBUTIONS FOR SINGLE HUMAN MOVEMENT

Fig. 15. Fading effects that occur when a human walks along a 10-m route
perpendicular to a T–R pair’s LOS path. 0 position on the x-axis is the
intersection between the route and the LOS path. The T–R distances are 20
and 30 m for the left and right columns, respectively. The first, second, and
third rows are when the intersection is just in front of T, right in between T–R,
and just in front of R, respectively.

Table III shows the average RMSE between the theoretical
and measured fading distributions for these experiments. The
fading that occurs when a single pedestrian walks near a T–R
pair can be fitted to any one of the Rician, Gaussian, Nakagami-
m, lognormal, or extreme value distributions, depending on
the route and the LOS path. Conversely, along another route,
the same distribution would give a very poor fit. As such, the
α−μ distribution is used to characterize the fading because
of its flexibility. This distribution includes the Nakagami-m,
Rayleigh, exponential, Weibull, one-sided Gaussian, Gamma,
Chi (the discrete version of Nakagami-m), Erlang, and central
Chi-squared (the last two are both the discrete versions of the
Gamma distribution). The α−μ pdf of the signal envelope r
is [17]

pα−μ(r) =
αμμrαμ−1

r̂αμΓ(μ)
e−μ( r

r̂ )α

(5)

where α > 0 is an arbitrary parameter, r̂ = α
√

E(rα), and μ =
E2(rα)/V (rα). The flexibility of the α−μ distribution allows
better fitting of measurement data for the single pedestrian
compared with other distributions.

Fig. 15 shows the fading experienced for a T–R pair at 20
and 30 m for the perpendicular movement experiments. Fig. 16
shows the fading that occurs when a person walks along a route
parallel to the T–R pair at Environment P. The left and right
columns of the figure are for T–R separations of 20 and 30 m,
respectively. For both measurements, there seems to be a pattern
to fading, regardless of the separation of the LOS path.

Fig. 16. Fading effects that occur when a human walks along a route parallel
to a T–R pair’s LOS path. 0 position on the x-axis is the position of T. The
human route begins 5 m behind the transmitter and ends 5 m behind the receiver.
The T–R distances are 20 and 30 m for the left and right columns, respectively.
The first row is when the human walks right on the LOS path (i.e., directly
between the nodes), whereas the second is when the parallel route is 1.5 m to
the side of the LOS path.

Fig. 17. Fading effects that occur due to random human movements such as
walking, squatting, or twisting the upper torso. The upper figure has ΔdB =
−0.7 dB, whereas the lower figure’s ΔdB = 9.1 dB. Both positions are within
λ/2 of each other.

The intensity of fades caused by human movement is also
correlated with the excess path loss. Positions with higher Δ
tend to suffer more intense fades. Fig. 17 shows the fading that
occurs due to random human movement such as walking, squat-
ting and standing, changing body posture, or twisting the upper
torso behind a receiver. For this measurement, the same T–R
pair was used to avoid hardware differences. The receiver is first
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Fig. 18. Fading effects that occur due to random human movements indoors.
The positions of two nodes are swapped for the top and bottom graphs. The first
node is represented by the red line (upper in top subfigure and lower in bottom
subfigure), and the second node is represented by the yellow line (lower in top
subfigure and upper in bottom subfigure).

placed in a position on the ground in Location H with a path loss
near the predicted average, and a person performed the move-
ments described above behind the receiver. Next, another posi-
tion with high Δ within λ/2 away was selected for the second
measurement, and the same person repeated the movements.

A similar experiment was repeated indoors using a transmit-
ter and two receiver nodes. The transmitter was placed inside
the bottom shelf of a metal cabinet with the doors closed,
causing all received signal outside to be multipath signals. The
first receiver was placed in a position of low Δ outside the
cabinet, whereas the second was placed within λ/2 away in a
position with around 15 dB lower reception power relative to
the first node. A person then randomly moved around the room.
Next, we swapped the two nodes and again performed random
human movement around the area. The top graph in Fig. 18
shows the result of the first measurement, whereas the bottom
graph shows the result after the swap. The results suggest that
the intensity of fading depends on the excess path loss of the
position rather than on the hardware or distance. The effects of
fading due to human movement are also not strongly correlated,
even for nearby positions. The results also show why RSSI
values cannot be used alone to determine link stability, and links
with seemingly high RSSI values experience periodic packet
losses.

For fading caused by multiple human pedestrians moving at
various speeds and directions, we performed the measurements
at Environment C at the center of our campus near the cafeteria
and plaza using measurements from three antennas in a row
with a separation of λ/4. The fading was found to be best fitted
with a Rician distribution (see Table IV), with a K-factor (see
Fig. 19) that is dependent on ΔdB, i.e.,

KdB = −1.218 ΔdB + 14.5246. (6)

Although the RMSE values for the Rice and Nakagami-m
distributions are quite close, inspection of second-order statis-
tics for both distributions shows that the Rician distribution
gives the best fit in this scenario. For example, we plot the

theoretical LCR and AFD for the Rice [22] and Nakagami-m
[21] distributions for the high excess path loss data in Figs. 20
and 21 using the m and K values estimated from experimental
data. As can be seen, the Rice model gives a better fit compared
with the Nakagami-m model.

The LCR and AFD for multiple human pedestrians with
different ΔdB are also shown in Figs. 20 and 21, respectively.
Links with higher Δ tend to suffer more frequent, longer, and
more severe fades compared with links with low Δ. However,
they also have longer and more frequent higher positive fades
that increase the signal reception.

V. IMPLICATION OF RESULTS ON WIRELESS SENSOR

NETWORK PROTOCOLS AND DEPLOYMENT

Based on the measurement results presented here, we discuss
the following implications to current wireless sensor network
(WSN) deployment, protocol design, or parameter selection.

1) Energy is a limited and extremely important resource
for WSNs. However, for nodes to determine stable links,
periodic transmission and reception of probe packets that
consume a lot of energy have to be performed to gather
information for routing metrics such as expected trans-
mission count (EXT) [23]. By prioritizing transmission
on links with low excess path loss, the periodicity of such
probes can be optimized to suit the local environment
(i.e., choosing a periodicity where changes to the environ-
ment are expected to affect the excess path loss between
links).

2) Error correction codes such as forward error correction
can selectively be used between links that have high Δ
to improve reliability and can be neglected for links with
low Δ. Furthermore, techniques such as bit interleaving
can help to improve data reception, particularly since the
AFD of deep fades lasts only for a very short duration and
affects a small cluster of consecutive bits.

3) Protocols that rely on short channel sampling to deter-
mine channel occupancy may need to tune their thresh-
olds or sampling frequency in locations with foliage or
human movement. For example, sampling the channel
just once or twice in quick succession (on the order
of μs) may lead to the mistaken assumption that the
channel is clear, thus leading to packet collision or miss-
ing an incoming packet. The transmission of a string of
preamble packets (e.g., B-MAC + [24]) could also be
used by neighboring nodes as a means to determining
the stability of the link in foliated or human-movement
environments rather than being considered as a source of
energy wastage through overhearing.

4) To maximize energy efficiency, WSN protocols tend to
pick the next hop that is closest to the destination. A care-
ful evaluation of how next-hop node selection thresholds
are chosen needs to be done based on the environmental
factors. For example, the presence of a single human
may cause fades of up to 15 dB even for links with low
Δ (see Fig. 16) and up to 40 dB for links with high
Δ (see Fig. 18). Longer links may also have a higher
probability of more human interference and suffer even
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TABLE IV
AVERAGE RMSE FOR FADING DISTRIBUTIONS WITH MULTIPLE HUMANS

Fig. 19. Intensity of fading with multiple humans versus excess path loss in
decibels.

Fig. 20. LCRs for multiple humans. The theoretical LCRs for the Rice and
Nakagami models are shown for the high excess path loss plot.

more significant or frequent fades. A distance-dependent
fade margin may need to be considered in areas with these
scenarios.

5) Opportunistic protocols that take try to advantage of
node diversity or channel conditions may be better served
by prioritizing forwarders with low Δ in environments
with high foliage or human movement or to use short
transmissions to take advantage of immediate channel
conditions. In more calm environments, forwarders with
higher Δ can be used as well since the links become more
predictable.

VI. CONCLUSION AND FUTURE WORK

We have presented the measurement results of small-scale
fading for surface-level narrowband communications in the

Fig. 21. AFD for multiple humans. The theoretical AFDs for the Rice and
Nakagami models are shown for the high excess path loss plot.

400-MHz UHF band caused by wind-blown foliage and human
movement outdoors in different terrains. We have shown that
the fading caused by wind-blown foliage can be characterized
as a Nakagami-m distribution with the m shape factor a func-
tion of both wind speed and excess path loss, and we derive an
empirical expression of m as a function of these two factors.
Aside from the average wind speed and the excess path loss,
we also showed that m is affected by the foliage type and the
different seasons, and we give the parameters to determine the
average m for Environments H and P in fall and winter.

The effects of a single human movement can be fitted using
the flexible α−μ distribution, whereas the fading caused by
movement from multiple human pedestrians can be character-
ized well as a Rician distribution with the severity of the fading
dependent on the excess path loss of each T–R pair. Antennas
in positions with high excess path loss suffer more severe fades,
where even small changes in a human posture or position can
lead to fades of up to 40 dB below the no-fading average.
Therefore, it can be concluded that choosing low excess path
loss links will generally lead to more stable communication.

While the results presented here are for measurements per-
formed in the 400-MHz band, we believe that similar fad-
ing characteristics can be seen for the entire UHF band,
including the ISM frequencies in the UHF band, particularly
for pedestrian-induced fading, since the size of pedestrians is
large compared with the wavelengths in the band. For foliage-
induced fading, the size of foliage relative to λ might affect
the characteristics of fading at other frequencies. We plan to
verify this in future work by performing more detailed exper-
iments in different bands. In addition to this, we also plan to
explore the effects of rainfall on ground-surface narrowband
communications in the 400-MHz band to determine if heavy
and continuous rainfall affects the fading characteristics by
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temporarily changing the permittivity and conductivity of the
ground due to the absorption and/or pooling of water on the
surface of the ground.
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