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and Claude Oestges, Senior Member, IEEE

Abstract— In this paper, we have investigated the effects of
vehicular traffic on interpersonal wearable-to-wearable (W2W)
communications channels in an urban environment at 2.45 GHz.
In particular, we have studied the perturbations in the received
signal caused by different types of vehicles as they passed through
a channel between two persons who maintained various relative
orientations while positioned at the opposite sides of a road.
As the channel underwent different fading mechanisms depend-
ing on whether the vehicle was approaching, transitioning (i.e.,
intersecting the direct signal path), or receding from the persons,
the overall disturbance was appropriately segmented depending
on the journey stage. The results have shown that relative body
orientation was a significant factor when considering the impact
that a vehicle can have on a W2W link. When both persons
faced the oncoming traffic, the link was particularly susceptible
to significant fading events with variations in the received signal
power from the unperturbed state as great as 44.1 dB observed
to occur. For all of the journey stages, irrespective of the relative
orientation of the persons, the logarithmically transformed long-
term fading process was found to be multimodal and well
described by a Gaussian mixture model. During the transitioning
phase, shadowing caused by the passing automobile obstructing
the line-of-sight signal path was found to be the main contributor
to the signal fading. However, probably the most remarkable
result of the channel characterization work conducted in this
paper was the severity of the short-term fading often observed.
Such was the intensity of the measured envelope fluctuation in
many of the scenarios, we have been able to utilize the recently
proposed κ−μ extreme distribution with great success and in the
process, provide a further important empirical validation of this
new fading model. Moreover, we have used the resistor-average
distance, which is derived from the Kullback–Leibler distance to
show the improved fit that the κ − μ extreme distribution offers
compared with the κ − μ distribution when used to model the
W2W channel in this fading environment.
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I. INTRODUCTION

RECENT years have seen the embracement of smart
devices designed to be carried or worn by people. These

devices, which are now commonly referred to as “wearables”
have the potential to transform how society interacts. With
widespread adoption, intercommunication between wearable
devices will lead to the creation of vast people-driven net-
works facilitated by wearable-to-wearable (W2W) commu-
nications [1]. These networks will be expected to facilitate
not only the sharing of information between users but also
the relayed transmission of data meant for other people and
networks [2]–[4]. The design of wearable devices and the
implementation of robust networking are particularly challeng-
ing for wireless systems designed to operate in close proximity
to the human body [5]. This occurs for two main reasons: first,
the electromagnetic interaction effects between human tissue
and RF circuitry, including the antenna [6], and also due to the
unique geometry of the propagation problem. Wireless systems
involving only humans are typically used at low elevations
and are, therefore, susceptible to shadowing and fading events
caused not only by the wearer’s body but also other pedestrians
and obstacles in the local vicinity [7].

For example, in so-called “off-body” communications,
the shadowing caused by the body obstructing the signal is
often responsible for significant fading and reduction in chan-
nel reliability [8]–[10]. At microwave frequencies, the move-
ment of a limb across the line-of-sight (LOS) signal path can
induce channel fades as great as 20 dB [10]. The disruption
to signal propagation caused by nearby moving objects was
investigated in [11] and [12]. In [11], experiments were
conducted, which considered the “on-body” channels found in
body area networks in the presence of a walking passerby. The
results concluded that the presence of another person, despite
not directly obstructing the main signal propagation path, still
had a significant impact, with the fades of greater than 20 dB
observed. Similarly, the human-induced shadowing effect for
a person walking through a link was investigated in [12].
The duration of a single fading event attributable to body
shadowing was observed to last around 550 ms with the mean
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attenuation between 6 and 18 dB. From these studies, it is clear
that objects moving in the vicinity of wearable communication
systems have a substantial impact on the channel performance.
Therefore, from a system design perspective, it is essential that
the magnitude of the potential channel impairments caused by
objects surrounding the wearable device user is adequately
characterized and understood.

Moving beyond the above-discussed studies, consumers will
expect wearable devices to operate not only indoors, but also
in a wide variety of outdoor environments, such as city centers
and urban areas. In these locations, moving objects will not
just be limited to pedestrians, but will also include vehicles
which may be operating in close proximity. In vehicle-to-
vehicle (V2V) communications, the relatively low heights of
the antennas on vehicles can result in possible obstruction of
the LOS signal by either stationary objects (e.g., buildings,
trees, and road signs) or mobile objects (e.g., other moving
vehicles). This has led to deterministic- and stochastic-based
studies to investigate the effect of shadowing within vehicular
networks [13]–[19].

In [14] and [15], experiments were conducted to quantify
the impact of obstructing vehicles that block the LOS between
two cars communicating as part of a vehicular network. The
results concluded that at 10 m, a van obstructing the channel
can cause a 20 dB attenuation in the received signal power.
This was observed within both the 2.45 and 5.8 GHz frequency
ranges. The severity of the signal attenuation was observed
to reduce as the separation distance between vehicles was
increased. At twice the separation distance (20 m), the received
signal power was observed to decrease by 12 dB. At the
same distance, the author reported a larger truck caused
a significant 27 dB decrease in the received signal power.
In [15], the theory of multiple knife-edge diffraction was
used to model the shadowing effect of the vehicles. However,
the results concluded that the model only provided adequate
estimates of the signal attenuations for the larger separation
distances. An extensive measurement campaign was performed
by He et al. [16] on the shadowing effects caused by a bus on
a similar vehicular channel. They reported signal attenuations
between 15 and 20 dB, which are comparable with the results
in [14] and [15].

The measurements performed in [14]–[16] only considered
the shadowing effects caused by a vehicle that obstructed the
channel between two vehicles forming a V2V communications
link. However, in [13], the channel between a stationary car
and a base station situated by the roadside was investigated,
as a large truck passed across the direct signal path between the
communicating nodes. Similar to [15], the theory of knife-edge
diffraction was used to estimate the signal attenuation across
a range of frequencies (from 1 GHz to 40 GHz). The authors
simplified the model of the truck by considering the effect of
the cab to be negligible and ignoring the signal propagation
underneath the trailer. Measurements were performed to vali-
date the model at 11 GHz, and signal attenuations were found
to be as significant as 35 dB compared with the unobstructed
link.

Previous work in [20] and [21] has presented some initial
results pertaining to the influence of vehicular traffic on the

W2W channel. In [20], the impact of uncontrolled traffic on
a W2W link between two persons situated on the opposite
sides of a road was investigated, however, this was restricted
to short-term fading only. Later in [21], controlled traffic
flow was considered, and the analysis of the data extended to
report the maximum fade depth and the duration of channel
disturbance, though this paper did not present any statistical
modeling. To the best of our knowledge, a systematic study of
vehicle-induced shadowing and fading in human centric chan-
nels has yet to be reported in the open literature. In the sequel,
we significantly extend the work conducted in [20] and [21]
by providing an in-depth statistical characterization of the
fading caused by realistic traffic flow occurring in the vicinity
of a W2W link. Most notably, we perform a categorization
of the passing vehicles based on their size enabling us to
quantitatively report on the channel disturbances induced by
the traffic. More precisely, we report the maximum fade
induced and the length of time that the channel is influenced
by differing vehicular types. Furthermore, we consider various
relative body orientations of the two persons forming the W2W
link to determine the role of human body shadowing in W2W
communications, which are subject to vehicular traffic. Due to
the nonstationary behavior of the W2W channel, we segment
our data into approaching, transitioning, and receding phases.
We characterize the long-term fading using a Gaussian mixture
model (GMM) and the short-term fading using the κ − μ and
later the κ − μ extreme distributions.

The remainder of this paper is organized as follows.
Section II outlines the measurement system, the experimen-
tal environment, and the various scenarios investigated in
this paper. Section III presents the methodology for the
classification of the vehicle types considered in this paper.
In Section IV, some metrics utilized for quantifying the impact
of vehicular traffic on the W2W channel are introduced and
used to compare the influence of different vehicle types and
body orientations. Sections V and VI present a statistical
characterization of the long-term and the short-term fading,
respectively. Finally, Section VII completes this paper with
some concluding remarks.

II. MEASUREMENT SYSTEM, ENVIRONMENT,
AND PROCEDURE

A. Measurement System

The measurement system used in this paper consisted of
a number of purposely developed 2.45 GHz wireless sen-
sor nodes. The transceiver section of each node featured
an ML2730, a single chip fully integrated frequency shift
keyed transceiver, manufactured by RF Micro Devices. When
operating as a transmitter, the node was configured to transmit
a continuous wave signal with an output power of +17.6 dBm.
The transceivers were controlled using dedicated PIC32MX
microcontrollers, manufactured by Microchip Technology Inc.
When operating as a receiver, the microcontroller measured
the receive signal strength (RSS) at a rate of 10 kHz using the
onboard 10-bit analog-to-digital (ADC) converter. To improve
the sampling signal-to-noise ratio, ten ADC measurements
were obtained for each RSS sample, and then averaged before
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Fig. 1. (a) Satellite view of the measurement environment highlighting the
positions of both persons and an HD video camera that was used to record
the passing traffic (image courtesy of Google Maps), (b) Snapshot from the
camera when a vehicle was passing.

logging. The receiving node was precalibrated using a Rohde
& Schwarz SMU200A vector signal generator. Approximately
one million RSS samples were collected during the mea-
surement campaigns presented in this paper. It should be
noted that prior to beginning the measurement scenarios,
the average noise threshold was determined and found to be
−91.7 dBm. The antennas used for this paper were +2.3 dBi
gain omnidirectional sleeve dipole antennas (Mobile Mark
model PSKN3-24/55S). They were connected directly to the
front end of the transceivers using a SubMiniature version
A connector and maintained a vertically polarized orientation
throughout.

B. Measurement Environment and Procedure

To facilitate a study of the impact that different vehicles can
have on the W2W channel, the measurement location chosen
for this paper was a road situated within a busy business
district in the Titanic Quarter of Belfast, U.K., as shown in
Fig. 1(a). The measurement environment consisted of a straight
stretch of road, with a wall approximately 2 m in height that
ran along the sidewalk near person A [visible in Fig. 1(b)]. The
road had a maximum speed limit of 30 m/h (or equivalently
13.4 ms−1), and the traffic flow was uncontrolled for the
duration of the measurements. The transmitter and the receiver
were placed on the central chest region of two persons A
and B, respectively, using a 5 mm dielectric spacer consisting
of Rohacell HF 51 foam (εr = 1.07). Person A had a mass
of 80 kg and a height of 1.72 m, and person B had a mass
of 75 kg and a height of 1.83 m. Fig. 2 shows the azimuthal
radiation patterns measured in an anechoic chamber for the
sleeve dipole antenna in a free space and when situated on
persons A and B. Due to the presence of the user’s bodies,
we can observe a reduction in the antenna’s gain in the lateral
directions by as much as 20 dB (i.e., at 90◦ and 270◦).

Fig. 2. Measured azimuthal radiation patterns for the sleeve dipole
antenna in a free space (black dashed lines) and when situated on person A
(gray continuous line) and person B (black continuous line). It should be noted
that the black arrow indicates the direction that both persons were facing.

These patterns were further distorted to the posterior of the
test subject’s bodies, with a decrease in the antenna radiation
patterns of up to 53 dB observed due to body shadowing when
compared with the radiation pattern in a free space.

The measurements were conducted for three different rela-
tive body orientations, which were deemed typical for wear-
able systems operating in this environment. Fig. 3 shows these
three scenarios with arrows indicating the orientation of the
person’s bodies while forming the W2W link. It should be
noted, to isolate the influence of traffic moving in the vicinity
of the W2W channel, the bodies remained stationary in all
scenarios. During Scenario A, both persons stood parallel
on the opposite sides of the road, facing in the direction of
oncoming traffic. In this orientation, both bodies will partially
shadow the channel due to the shoulder region obscuring the
direct signal path between the hypothetical wearable devices.
For comparison, Scenario B involved both persons on the
opposite sides of the road while facing one another, thus
permitting a LOS signal path between the bodies (unless
obstructed by traffic). Last, Scenario C considered the case
where both persons were facing in the opposite direction, imi-
tating the situation in which pedestrians travel in the opposite
directions on the roadside. During the measurements, a high-
definition (HD) digital video camera was used to record all
passing traffic, allowing easy identification of different vehicle
types and permitting their passing to be time synchronized
to the measurements [the location of the camera is shown
in Fig. 1(a)].

III. VEHICLE CLASSIFICATION

The internationally recognized vehicle classification system
is defined in ISO 3833-1997 (International Organization for
Standardization) [22]. In [22], vehicles are grouped based
on their structure and design. However, in the USA, another
classification scheme is used by the Environmental Protection
Agency (EPA) [23]. This scheme uses the vehicle’s total
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Fig. 3. Measurement scenarios considered in this paper, with arrows
highlighting the relative body orientations.

Fig. 4. Example snapshots captured from the HD camera showing (a) Type I,
(b) Type II, (c) Type III, and (d) Type IV vehicles.

interior passenger and cargo volumes only to perform the
grouping. By comparing across both classification lists, in this
paper, we categorize the vehicles, which are typically found
in urban environments into one of the four groups. These are
as follows.

Type I: It includes any small passenger car but excludes
multiperson vehicles (minivans in USA). These vehicles are
classified in section 3.1.1 of the ISO standard, and in section 1
of the EPA standard (e.g., Ford Fiesta and Audi A1).

Type II: It includes multiperson vehicles (excluding large
pickup trucks) and any other vehicle of the same size
(e.g., small vans). These vehicles are classified in section 2
of the U.S. EPA standard (e.g., Opel Zafira and Volkswagen
Caddy Van).

Type III: It includes light commercial vehicles, such as large
vans and large pickup trucks. These vehicles are also described
in section 2 of the U.S. EPA standard (e.g., Ford Transit and
Renault Master).

Type IV: It includes buses and lorries (or trucks in USA)
and any other vehicles that are larger than Type III. These
vehicles are defined in sections 3.1.1 and 3.1.2 of the ISO
standard (e.g., Mercedes-Benz Axor and Iveco Eurocargo).

Examples of each type of vehicle obtained from the video
footage recorded during the measurements are shown in Fig. 4.

IV. SOME EMPIRICAL OBSERVATIONS

In this paper, to quantify and compare the effects of vehicle-
induced fading and shadowing on the W2W channel, we now
introduce some metrics that were used to empirically char-
acterize the data. Fig. 5 shows an exemplary received signal
power time series that was obtained for a Type I vehicle, as it

Fig. 5. Received signal power time series for a Type I vehicle passing through
the W2W channel during Scenario B.

traveled through the W2W channel during Scenario B.1 As we
can quite clearly see, the channel exhibited a different fading
behavior dependent upon where the vehicle was relative to the
W2W link. For example, as the vehicle approached the two
persons, noticeable perturbations in the received signal power
were observed to occur approximately 334 ms before the
vehicle began to intersect the direct signal path. Herein, this
phase of the vehicle’s journey is referred to as the approaching
region (Fig. 5). The most significant variations in the channel
occurred as the vehicle obscured the direct signal path between
the two persons, which is denoted as the transitioning region.
Upon exiting the transitioning region, there was also an
observable disturbance in the channel—this segment of the
journey is referred to as the receding region. Beyond these
three regions, the channel was considered as being in an
unperturbed or “normal” state. It is worth highlighting that
these characteristics were readily identifiable across all sce-
narios for all vehicle types, albeit with different magnitudes.
Furthermore, as we shall show in the sequel, not only did the
duration of each of these three regions vary dependent upon
the relative body orientation, but their channel statistics were
also very different, requiring a separate analysis.

To compare the magnitude of the fades and duration of the
disturbances induced by different vehicle types over each of
the three phases, we defined two quantities, namely, the maxi-
mum fade within each region and the duration of disturbance.
The maximum fade is defined as the maximum decrease in
signal power compared with the mean signal power in the
unperturbed state (i.e., no vehicular impact), and the duration
of the disturbance is defined as the time span for which
the channel experiences similar fading characteristics (i.e.,
the above-outlined regions). The maximum fade and the dura-
tion of the approaching, transitioning, and receding regions are
accordingly represented by (FAmax and DA), (FTmax and DT ),
and (FRmax and DR), respectively, and are visually annotated
in Fig. 5 and provided in Table I. For brevity, we only
discuss the aforementioned parameters, however, the mean
(FAμ , FTμ , and FRμ ) and standard deviation (FAσ , FTσ ,
and FRσ ) of the fades for each region are also provided
in Table I, along with the total duration of channel dis-
turbance (Dtotal) from the unperturbed state and the total
time (Ttotal) considered to contain a vehicle passing event.

1For all received signal power time series, 0 s is considered as the time at
which the vehicle began to intersect the direct path between the two persons.
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TABLE I

DURATION OF DISTURBANCE AND FADING METRICS OF EACH REGION FOR ALL SCENARIOS

A. Both Persons Oriented Toward Oncoming
Traffic (Scenario A)

Across all channel measurements in this scenario, there was
an observable trend to the disturbances caused by each of the
vehicles. As shown in Table I, the disturbance duration for
all vehicles during the approaching region in Scenario A was
larger than those recorded for the other scenarios. This was
presumably due to the fact that both person’s bodies faced
in the direction of the oncoming vehicles meaning that they
were more prone to scattered and reflected signal contributions
introduced by the movement of the vehicles. As an example,
Fig. 6(a) shows the received signal power time series for
the W2W channel when perturbed by a Type III vehicle.
As the vehicle approached both people (points PA to PT ),
it began to have an impact on the received signal power
well before reaching the two people forming the W2W link
[2673 ms (Table I)]. This value was comparable with those
for the Type I and II vehicles, which were 2696 and 2415 ms,
respectively. However, the maximum fade experienced showed
significant disparity, with the Type I vehicle inducing a much
smaller maximum fade of 9.93 dB when compared with the
Type II (44.1 dB) and Type III (42.7 dB) vehicles. These
results suggest that small-to-medium sized vehicles can cause
fluctuations in the channel for a W2W link from approx-
imately the same distance when both bodies are oriented
toward oncoming traffic; however, the magnitude of the distur-
bance depends on the vehicle size. Interestingly, although the
Type IV vehicle disturbs the channel for significantly longer
than the smaller vehicles (6516 ms) in the approaching region,
the maximum fade experienced was observed to be comparable
with the Type II and III vehicles.

For all vehicle types during the transitioning region,
the channel was subject to significant fading (Table I) due
to the vehicle obscuring the direct signal path between the
two persons. This can be seen visually in Fig. 6(a) between
points PT and PR , where the blocking effect of the vehicle
reduced the mean signal power significantly when compared
with the approaching region. As expected, the duration of the
shadowing event is directly related to the vehicle type, with

Fig. 6. Received signal power time series for the Type III vehicle in
(a) Scenario A, (b) Scenario B, and (c) Scenario C. Points PA, PT , PR ,
and PN mark the beginning of the approaching, transitioning, and receding
regions and return to unperturbed state (i.e., end of disturbance), respectively.

larger vehicle sizes (i.e., Types III and IV) causing longer
disturbances. Unique to this particular scenario, as both per-
son’s bodies were facing in the same direction, the impact on
the W2W channel of the vehicle entering the receding region
was greatly reduced compared with the other scenarios. This,
of course, was to be expected, due to the bodies obstructing
the majority of reflected waves emanating from the vehicle as
it traversed this region. Furthermore, as shown between points
PR and PN in Fig. 6(a) and Table I for the other vehicle types,
the W2W channel was observed to return to its unperturbed
state in a relatively short period of time when compared with
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the equivalent approaching segment. Nonetheless, there was no
apparent correlation between the duration of the disturbance
and vehicle type for this region of Scenario A.

B. Both Persons Oriented Toward One Another (Scenario B)

For brevity, we only discuss the impact of the Type III
vehicle during Scenario B, however, a full summary of our
results for other types of traffic is provided in Table I. When
compared with Scenario A, it became immediately obvious
that due to the much stronger LOS condition (evidenced by
the increase in the received signal power [see Fig. 6(b) and
Table I]), oncoming traffic only perturbed the W2W link
when the vehicle was in its immediate vicinity. From Table I,
the duration of disturbance as the Type III vehicle approached
lasted for 345 ms, which was considerably less than that
obtained for the same region in Scenario A. However, in the
transitioning region, the disturbance lasted for approximately
505 ms, which was comparable with the same type of vehi-
cle in the equivalent region during Scenario A. During the
transitioning phase, the relative body orientation of the two
persons meant that the vehicle-induced fades were not as deep
compared with Scenario A. For example, the Type III vehicle
here experienced a maximum fade of 34.3 dB, which is notably
lower than the value of 43.1 dB observed in Scenario A.

In Scenario B, the relative orientation of the two person’s
bodies meant that in the receding region the vehicles had a
greater impact on the W2W channel. This was largely due to
the fact that their bodies no longer fully shadowed the multi-
path signal contributions emanating from the direction of the
vehicle. For example, the disturbance duration for a Type III
vehicle was 730 ms, which was more than twice the duration
when compared with Scenario A. Interestingly, although the
relative orientation of both persons should have made the
W2W link equally susceptible to reflected signals emanating
from the vehicle as it moved through both the approaching
and the receding regions, the vehicle had a noticeably greater
impact during the receding region. This was presumably due to
the nonsymmetrical front and rear cross-sectional areas of the
vehicle. In particular the dimensions of these cross-sectional
areas, which tends to be smaller at the front for aerodynamics,
would have likely reflected fewer signal components in the
direction of person B than the relatively perpendicular rear
section. As a result, the Type III vehicle generated stronger
reflections in the receding region, evident from both the larger
duration of disturbance and the maximum fade depth than the
approaching region.

C. Both Persons Oriented in the Opposite
Directions (Scenario C)

In contrast to Scenarios A and B, this situation investi-
gated the compounded effects of vehicle-induced signal varia-
tions and shadowing caused by both person’s bodies on the
W2W link. As shown in Table I, the approaching region
for the Type III vehicle lasted for 1093 ms. Compared with
the approaching section of Scenario A, a maximum fade
of 3.54 dB was observed, which was significantly smaller
than Scenario A (42.7 dB). It is evident from both of these

metrics that the orientation of person B away from the
oncoming vehicle significantly reduced its impact on the
W2W channel within this region. In the transitioning region,
the disturbance lasted for 314 ms, which was shorter than
Scenarios A and B, however, this could be accounted for due
to a smaller Type III vehicle that was recorded for this particu-
lar scenario. This result, coupled with earlier observations from
Scenarios A and B, suggests that the duration of disturbance
within the transitioning region is largely independent of the
relative orientation of the person’s bodies and dependent,
instead, on the length of vehicle obscuring the direct signal
path. However, similar to Scenarios A and B, relative body
orientation does have an impact on the receding phase of the
vehicle’s journey. In this case, the orientation of person B in
the direction of the receding vehicle permitted an increased
disturbance period of 342 ms for a Type III vehicle when
compared with Scenario A [278 ms (Table I)]. Also, from
Table I, the significance of relative body orientation on the
receding region is particularly evident for the largest vehicle
during Scenario C. Here, the disturbance for the Type IV
vehicle was observed to last for 3807 ms and contained a
maximum fade of 16.3 dB, which was a significantly greater
than the disturbance recorded for any other vehicle within this
region.

V. LONG-TERM FADING

To extract the long-term fading from the received signal
power, the signal fluctuations that occurred due to short-term
fading must first be removed. In this paper, both persons
who formed the W2W link remained relatively stationary,
with any long-term variations in the channel largely caused
by involuntary movements and other slow movements in the
local surroundings. To determine an appropriate smoothing
window for the approaching and receding regions, a num-
ber of windows were applied to the measurement data. It
was deduced that a window size of 100 ms (or equiv-
alently 1000 samples) most accurately captured the long-
term fading behavior. During the transitioning region, as the
vehicle intersected the direct LOS signal path between the
W2W links, more frequent long-term variations occur caused
by vehicle-induced shadowing as well as the usual short-
term fading. Therefore, for the transitioning case, a smaller,
10 ms (100 samples), window size was required due to the
increased volatility of the W2W link. To further assist with
the interpretation of our results, we also removed the transmit
power from our data, so that all fade levels are now referenced
from 0 dBm meaning that they are synonymous with the
attenuation.

Upon studying the form of the long-term fading component
over each of the three distinct regions of the vehicle’s journey,
it became apparent that the empirical probability density
functions (pdfs) contained a number of modes, presumably
relating to the nonhomogeneous signal shadowing induced
by the vehicle as it moved within the vicinity of the W2W
channel. Therefore, a GMM was chosen to model the long-
term fading. Mixture models assume a linear superposition
of N multivariate distributions and are often used where one
statistical model does not accurately model a complete data
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set [24]–[26]. The pdf of a mixture model can be represented
as [27, eq. (11.5)]

f (x |α, θ) =
N∑

n=1

αngn(x |θn) (1)

where x is a vector of a random variable of length y, and
gn (x |θn) is the component density function with parameters
represented by θn . The weights of each density function are
given by αn with the constraint that they are nonnegative and
must satisfy the normality condition

∑N
n=1 αn = 1. These

weights are also called the mixing proportions or mixing
coefficients. The component densities can be any pdf, but in
this paper, we will utilize the multivariate Gaussian density.
The pdf for a multivariate Gaussian finite mixture is given
by [24, eq. (2)]

f (x |α,μ,�) =
N∑

n=1

αnφ(x |μn,�n) (2)

where φ(·) represents a multivariate Gaussian pdf, which, in a
singular dimension form, is given by

φ(x |μn,�n) = 1√
2πσn

exp

[
− 1

2σn
2 (xi − μn)2

]
(3)

where μn denotes the mean, σ 2
n denotes the variance, and

�n denotes the covariance matrix of the n components. For a
GMM, if n is known, then the estimation of the parameters
can be achieved using the expectation–maximization (EM)
algorithm [28].

The EM-algorithm proceeds iteratively in two steps. First,
the expectation step treats the Gaussian parameters μn , �n ,
and αn as fixed. Then, for each measured data point, the prob-
ability that it is contained within each cluster n is evaluated
using the responsibility value. This gives a soft membership
for each data point to the cluster n, which contains the highest
responsibility value, i.e., has the greatest probability of belong-
ing to that cluster. The second step, the maximization step,
treats the soft assignments of the data points to each cluster as
fixed, and updates the Gaussian parameters using an estimate
weighted by the probability of the responsibility value. These
steps are iteratively performed, thereby increasing the log-
likelihood of the GMM and hence converging to a finite solu-
tion. However, in practice, the iterative procedure is stopped
after a predefined threshold in satisfied. In this paper, all para-
meter estimates were obtained using the gmdistribution
function available in the Curve Fitting Toolbox of MATLAB.
Since the data are nonconvex in form, many local minima
are possible. Thus, to improve the likelihood of a global
optimal solution, the starting position for the cluster centers
was estimated using the k-means clustering technique, which
partitions the data into n groups, such that the within-group
sum of squares is minimized [27]. This was achieved using
the kmeans function also available in MATLAB.

Intuitively, the more Gaussian pdfs that are used to model
the underlying data, the better the model fit. However, increas-
ing the number of Gaussian distributions also acts to increase
the model complexity. Therefore, the number of Gaussian
densities required to model the data in this paper was selected

TABLE II

AIC ESTIMATES FOR APPROACHING REGION IN SCENARIO A

using a complexity penalty analysis, in this case the Akaike
information criterion (AIC) [29], [30]. The AIC is defined
as [30, eq. (3.44)]

AIC = −2L(θ̂ |x) + 2 p (4)

where L(θ̂ |x) is the maximized log likelihood over the
unknown parameters θ given the data and the model, and p is
the number of estimated parameters for the model under test.
The AIC can be easily computed, since the log likelihood
is readily available from the EM estimates. In (4), the first
term indicates the model fit to the data, where the lowest log
likelihood yields the model with minimal estimation losses.
The second term penalizes the use of additional parameters,
ensuring that overfitting of the model does not occur [30].
As noted by Fort et al. [31], the AIC gives a relative measure
of the goodness of fit from the models available, but it does
not guarantee that the chosen model provides an adequate fit to
the data. Therefore, in this paper, all candidate models were
compared visually with the empirical data to ensure that a
satisfactory fit was obtained.

A. Both Persons Oriented Toward Oncoming
Traffic (Scenario A)

As an example of the model selection process, the results of
the AIC computations for each vehicle type in the approaching
region for increasing numbers of Gaussian densities are pro-
vided in Table II. It was found that the minimum AIC value
was continually obtained for a mixture model containing three
Gaussian distributions. Although a third-order GMM provided
only a marginally improved fit over a second-order fit in
some cases, to simplify the analysis and to enable a direct
comparison between vehicle types, we persist with a third-
order GMM throughout this paper. In the approaching region
with both person’s facing in the direction of the oncoming
vehicle, a long-term variation of the signal power in the W2W
channel was found to occur, which was not evident during the
unperturbed channel state. If we consider the earlier example
of the received signal power given in Fig. 6(a) as a Type III
vehicle approached the two persons, long-term variation of the
signal power is clearly evident between points PA and PT .
As shown in Table III, this led to three clustered long-term
fading levels at −74.2, −72.7, and −69.6 dB albeit with small
the standard deviations of 0.1, 0.2, and 0.6 dB, respectively.
This observation coupled with the results for the Type I, II,
and IV vehicles (Table III) suggests that for a W2W link when
both nodes face in the direction of an approaching vehicle,
noticeable long-term signal variations can occur, which may
be directly attributed to the presence of the vehicle.
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TABLE III

GMM PARAMETERS FOR ALL SCENARIOS

Fig. 7. PDFs of the empirical long-term fading (circle shapes) and GMM
(continuous lines) for (a) Type I, (b) Type II, (c) Type III, and (d) Type IV
vehicles during the transitioning region for Scenario A. The estimated model
parameters are provided in Table III.

As the vehicles traversed into the transitioning region,
the long-term fading was subject to significant vehicle-induced
shadowing caused by the obscuration of the direct signal path.
The substantial impact of the vehicle on the W2W channel
in the transitioning region can be seen in Table III. Here,
the mean values for the clustered long-term fading levels were
significantly reduced, while the standard deviations for all
modes of the GMMs were observed to increase significantly
compared with the approaching region. Fig. 7 shows the
empirical and estimated theoretical pdfs for each of the four
vehicles shown in Fig. 4. Considering the Type I vehicle shown
in Fig. 4(a), the corresponding long-term fading distribution
contained three fading levels clustered around −93.2, −85.2,
and −77.4 dB, as shown in Fig. 7(a). The greatest degradation

occurred when the tallest section of the vehicle obscured
the channel. In this case, the tallest portion of the vehicle
only accounted for a small cross section of the total vehicle
length. This is evident from Table III, since the cluster that
contains the most significant reduction of the long-term fading
only accounts for 0.1 of the total mixing proportion for the
GMM. For comparison, Fig. 7(b) shows the empirical and
estimated pdfs for the larger dimensioned Type II vehicle,
which caused an even greater degradation in the long-term
fading with an increased mixing proportion for the equivalent
signal cluster (Table III).

Inspection of Fig. 7(c) clearly indicates that three grouped
long-term fading levels were also present for the Type III
vehicle. As shown in Fig. 4(c), this vehicle can be identified
as a small bus with a large proportion of glass windows
along its sides. As a result, the direct signal path actually
suffered less attenuation compared with the Type I and II
vehicles (Table III). The empirical pdf for the Type IV vehicle
also contained three clusters, but in comparison with the other
vehicle types, the peaks are not as distinguishable [Fig. 7(d)].
In this instance, the Type IV vehicle was a large lorry
[Fig. 4(d)]. A close examination of Fig. 4(d) shows a large gap
under the trailer and fabric sidewalls, which would offer less
attenuation to the impinging electromagnetic waves than the
metallic structures of the Type I and II vehicles. As the vehicle
entered the receding region, the relative body orientations of
the two persons limited the vehicular impact on the long-term
fading, owing to the wearer’s bodies shadowing the majority of
the signal arriving from the direction of the receding vehicle.
Therefore, it was determined that only the approaching and
transitioning regions had sufficient variation in the long-term
fading to merit an in-depth characterization.

B. Both Persons Oriented Toward One Another (Scenario B)
In this scenario (and Scenario C), the alignment of the two

persons resulted in significantly less variation in the long-
term fading when the vehicles moved through the approaching
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Fig. 8. PDFs of the empirical long-term fading (circle shapes) and
GMM (continuous lines) for (a) Type III and (b) Type IV vehicles in
Scenario B and (c) Type III and (d) Type IV vehicles in Scenario C in the
transitioning region. The estimated model parameters are provided in Table III.

and receding regions. Therefore, in a similar fashion to the
receding region of Scenario A, these cases were deemed not
to be worthy of an in-depth characterization (particularly for
the smaller vehicle types). Therefore, we limit ourselves to a
characterization of the long-term fading in the transitioning
region only for Scenario B (and later for Scenario C).

As an example, Fig. 8(a) and (b) shows the empirical
pdfs of the long-term fading for the Type III and IV vehi-
cles, respectively. For the Type III vehicle [Fig. 8(a)], three
distinct long-term fading levels can be identified with the
majority of fading occurring within the first and second
modes. In this instance, the dominant mode contained the most
significant long-term fading, clustered around the −68.9 dB
level. Likewise, the shadowing induced in the long-term fading
by the Type IV vehicle also exhibited three distinct fading
groupings, each containing significant signal variability (as
evidenced by the large standard deviations recorded for each
cluster). Interestingly, despite the larger overall dimensions of
the Type IV vehicle, its impact on the long-term fading of
the W2W channel [Fig. 8(b)] was less pronounced than the
Type III vehicle. Similar to the Type IV vehicle in Scenario
A, it is likely that the space below the truck permitted some
signal contributions to reflect off the road surface underneath
the trailer, reducing the severity of shadowing caused by this
vehicle type. It should be noted that the Type IV vehicle
considered for Scenario B had a trailer constructed entirely
from metal, which accounted for the increased shadowing
when compared with Scenario A.

C. Both Persons Oriented in the Opposite
Directions (Scenario C)

In this scenario, both bodies were orientated so that they
were parallel to the roadside and facing in the opposite
directions to one another, resulting in a partial body shad-
owing situation similar to that observed in Scenario A. As an
example of the long-term fading characteristics obtained in this
scenario, Fig. 8(c) and (d) shows the empirical pdfs for the

Type III and IV vehicles, respectively, as they moved through
the transitioning region. Again, for the Type III vehicle, three
long-term fading groupings were prominent in the empirical
pdf. Consulting Table III, it is evident that while all three
fading clusters occurred with comparable mixing probabilities,
the first cluster (centered around −83.7 dB) had by far the
largest spread in values (15.1 dB), larger than any other cluster
contained within Table III. Nonetheless, it was the presence of
the Type IV vehicle in the transitioning region during Scenario
C, which caused the lowest overall long-term fading levels
[Fig. 8(d)]. Here, the long-term fading was clustered around
the −97.2, −92.2, and −88 dB levels.

VI. SHORT-TERM FADING

At the outset, it was anticipated that nearby vehicular traffic
would cause substantial fluctuations in the short-term fading
observed in W2W channels, induced mainly by the vehicles
highly reflective (metallic) exterior, their nonuniform shapes
and sizes, and relatively high velocity of travel. In the sequel,
to ascertain the statistical characteristics of the short-term
fading in relation to vehicle type and relative user orientation,
an initial investigation was undertaken using the κ − μ distri-
bution, which was chosen for its versatility and well-known
ability to account for many of the popular fading models used
in the literature (e.g., Nakagami-m, Rice, and Rayleigh) [32].
The κ − μ distribution intuitively comprises of two fading
parameters, κ > 0, which is simply the ratio of the total
power of the dominant components (d2) to the total power
of the scattered waves (2μσ 2), and μ > 0, which is related to
the multipath clustering of the scattered waves [33]. The pdf,
fR(r), of a fading signal envelope, R, which undergoes κ −μ
fading, is given as [32, eq. (11)]

fR(r) = 2μ(1 + κ)
μ+1

2

r̄κ
μ−1

2 exp(μκ)

(r

r̄

)μ

× exp

[
−μ(1 + κ)

(r

r̄

)2
]

Iμ−1

[
2μ

√
κ(1 + κ)

r

r̄

]

(5)

where r̄2 = E[R2] is the mean signal power [with E(·)
denoting the expectation operator], r̄2 = d2 +2μσ 2, and Iv (·)
is the modified Bessel function of the first kind and order v.
Nonetheless, throughout the course of the characterization
work, it became increasingly apparent that the W2W channel
in an urban environment often underwent severe fading [34].
Therefore, the κ − μ extreme distribution, which was first
proposed in [32] and later detailed in [35] and [36] as an
extension to the κ − μ distribution, was included in the set of
candidate fading models considered in this paper. To obtain
the κ − μ extreme distribution from the κ − μ distribution,
the following relationship between κ , μ, and the Nakagami m
parameter is used [35, eq. (2)]

m = μ(1 + κ)2

1 + 2κ
. (6)

By keeping m constant and allowing the κ and μ parameters
to assume extreme values, i.e., κ → ∞ (indicating a very
strong LOS or dominant signal component) and μ → 0
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TABLE IV

κ − μ AND κ − μ EXTREME PARAMETER ESTIMATES FOR ALL SCENARIOS

(indicating very few multipaths), then with some mathematical
manipulation, the pdf, fR(r), of a κ −μ extreme fading signal
envelope, R, can be expressed as [35, eq. (4)]

fR(r) = 4m I1
(
4m r

r

)

r̄ exp
[
2m

(
1 + ( r

r̄

)2
)] + exp(−2m)δ

(r

r̄

)
(7)

where δ(·) is the Dirac delta function. The short-term fading
envelopes were obtained by removing the long-term fading
variations calculated in Section V from the original received
signal power time series, and then converting the result into
a linear amplitude. All parameter estimates for the pdfs of
the two candidate fading models were obtained using the
lsqnonlin function with the multistart class to ensure
that a global optimal solution was found, both available from
the Optimization toolbox of MATLAB.

To assess the goodness of fit, we employed the resistor-
average distance (R AD) [37], which is based on the
Kullback–Leibler distance (DKL) [38]. DKL measures the
relative entropy, or average information loss, between two
pdfs by quantifying how well a particular pdf, p(x), describes
samples from another pdf, q(x). Thus, letting p(x) represent
the empirical pdf and q(x) denote either of the theoretical
pdfs of the two candidate models, then the lower DKL value
indicates a closer approximation to the measured data. This
can be further improved by calculating the harmonic mean
between DKL(p||q) and DKL(q||p), and hence provide the
symmetrical distance metric, R AD. This was calculated using
R AD(p, q) = ((DKL(p||q))−1 + (DKL(q||p))−1)−1, where
DKL(p||q) = ∫ ∞

−∞ p(x) log p(x)/q(x)dx and DKL(q||p) =∫ ∞
−∞ q(x) log q(x)/p(x)dx . It should be noted that log(·) here

refers to the natural logarithm. Table IV provides the estimated
parameters for the κ−μ and the κ−μ extreme pdfs, alongside
the R AD values indicating the goodness of fit for all scenarios.

A. Both Persons Oriented Toward Oncoming
Traffic (Scenario A)

From Table IV, the severity of the fading can be immedi-
ately recognized from the κ values, which were much greater

than 500, and the μ values, which approached zero. As both
bodies were oriented toward the oncoming traffic, the link
was particularly susceptible to a significant signal contribution
returned in the direction of the W2W link from the oncoming
vehicle, irrespective of its type. This dominant component
acted to constructively and destructively interfere with the
signal contributions arriving from the direct signal path and
the ground reflection associated with the direct path. As the
estimated μ parameter approached zero, this suggested that
no measureable scattered multipath contribution was present,
possibly because it extended below the sensitivity of the
receiver. The net result of this, i.e., no detectable scattered
multipath contribution and a low number of dominant signal
paths, makes a strong case for the use of the κ − μ extreme
distribution [36] in this scenario.

As shown in Table IV, the R AD indicates that the κ − μ
extreme distribution outperformed the κ − μ distribution in
the majority of model fits to the empirical data. Nonethe-
less, for the remaining channels, the estimated κ and μ
parameters still approached extreme values suggesting that
the κ − μ extreme fading model was suitable regardless of
the vehicle type. Additionally, the estimated m parameter
of the κ − μ extreme distribution was found to decrease
as the size of the approaching vehicle increased, suggesting
that an increase in the severity of the short-term fading
occurred.

As the vehicles traversed the transitioning region, the pre-
viously dominant LOS and ground reflected components
between the two persons were now partially or fully obstructed
by the passing vehicle depending on its size and shape. Similar
to the approaching stage, the estimated m parameters were
found to reduce as the vehicle size increased. As an example
of the model fitting, Fig. 9 shows a selection of the empirical
pdfs compared with the pdf of the κ −μ extreme distribution.
In particular, Fig. 9(a) and (b) shows the distribution of
the short-term fading for the smallest (Type I) and largest
(Type IV) vehicles as they approached the W2W chan-
nel. As we can see, the presence of the Type IV vehicle
[Fig. 9(b)] caused much deeper fading in the W2W channel
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Fig. 9. PDFs of the empirical short-term fading with respect to the long-term
fading (circle shapes) and κ −μ extreme (continuous lines) in Scenario A for
(a) Type I and (b) Type IV vehicles for the approaching region and (c) Type I
and (d) Type IV for the transitioning region. The estimated model parameters
are provided in Table IV.

compared with the Type I automobile [Fig. 9(a)]. In contrast,
Fig. 9(c) and (d) shows the same vehicle types within the
transitioning region. Interestingly, the m parameter estimates
in Table IV suggest a similarity between the severity of
fading experienced in the approaching and transitioning region
in relation to vehicle types, which can be confirmed from
the comparable shapes of the short-term fading distributions
in Fig. 9(c) and (d).

In the transitioning region, the R AD values indicated that
the κ − μ extreme distribution provided a better fit to the
underlying channel data than the κ − μ distribution for all
vehicle types. As the vehicle progressed into the receding
region, the effect of body shadowing acted to shield the W2W
link from the vehicles. This resulted in no discernible impact
on the channel from the smaller vehicle types and minimal
short-term fading created by the larger vehicle types.

B. Both Persons Oriented Toward One Another (Scenario B)

The significance of the relative body orientation on the
short-term signal variation became immediately obvious when
both persons were orientated so that they were now directly
facing one another. In this scenario, the majority of the
estimated κ parameters tended toward infinity2 while corre-
spondingly, the estimated m parameters of the κ − μ extreme
distribution (Table IV) were also significantly increased com-
pared with Scenario A. During the approaching region of
Scenario B, since both persons were no longer directly
facing oncoming traffic, their bodies partially shielded the
electromagnetic waves emanating from the direction of the
approaching vehicle, which resulted in a reduction of the short-
term fading caused by multipath interference.

In the transitioning region, the improved LOS conditions
compared with Scenario A were found to mitigate the severity
of the fading, particularly for the small and mid to large

2In this paper, we denote any estimated κ parameter, for which κ > 1000
as κ → ∞

Fig. 10. PDFs of the empirical short-term fading with respect to the long-term
fading (circle shapes) and κ−μ extreme (continuous lines) for (a) Type III and
(b) Type IV vehicles for Scenario B and (c) Type III and (d) Type IV vehicles
for Scenario C in the transitioning region. The estimated model parameters
are provided in Table IV.

sized vehicles types [i.e., m > 100 for the Type I–III vehi-
cles (Table IV)]. On the other hand, the largest vehicle type
was found to suffer from increased short-term fading within
this region, likely due to its increased height and length (i.e.,
greater obscuration of the LOS and for longer durations) as it
traversed through the direct signal path. As an example of the
model fitting for this region, Fig. 10(a) and (b) presents the
empirical pdfs of the short-term fading compared with their
respective κ − μ extreme pdf fits for the Types III and IV
vehicles. As we can see, the Type III vehicle underwent largely
insignificant short-term fading [Fig. 10(a)] with the majority of
the short-term signal distributed with ±1 dB of the long-term
fading level. In contrast, the Type IV vehicle experienced much
greater short-term fading with fades greater than 20 dB below
the long-term fading level occasionally possible [Fig. 10(b)].

As the vehicles traveled away from the two persons (i.e.,
receded), the propagation geometry was similar to that found
in the approaching region for this scenario. Again, both per-
son’s bodies acted to partially shield the W2W link from signal
contributions arriving from the direction of the retreating
vehicle, which resulted in very little short-term fading, as evi-
denced by the large m values obtained for this region. Again,
the R AD values indicated the majority of channels were
modeled better using the κ−μ extreme distribution (Table IV).

C. Both Persons Oriented in the Opposite
Directions (Scenario C)

In this scenario, at least one person was always facing in
the direction of the moving vehicle, and thus, at least one end
of the W2W link was continually exposed to the additional
multipath. From Table IV, it can be seen that this acted
to mitigate the severity of the short-term fading compared
with the approaching and transitioning stages of Scenario A.
Performing a like for like comparison, the estimated m para-
meters obtained for these two regions of Scenario C were
much greater than the corresponding values obtained for
Scenario A (with the exception of the Type IV vehicle during
the transitioning phase of Scenario C).



DOONE et al.: EXPERIMENTAL INVESTIGATION INTO THE IMPACT OF VEHICULAR TRAFFIC 5429

In the receding region of Scenario C, the W2W link
was found to suffer less short-term fading effects during
the presence of vehicle Types I–III than for the Type IV
vehicle. In fact, the estimated m value obtained for Scenario C
[5.05 (Table IV)] for this region was the lowest across all
three scenarios. As an example of the model fitting for this
scenario, Fig. 10(c) and (d) shows the empirical short-term
fading and κ−μ extreme pdfs for the Type III and IV vehicles
within the transitioning region. Similar to the Type III vehicle
in Scenario B [Fig. 10(a)], the majority of the short-term
fading occurs close to the long-term fading level (i.e, within
±2 dB). Nonetheless, very rarely, fades beyond 5 dB below
this level can occur [Fig. 10(c)]. As with this region in the
other scenarios, the Type IV vehicle was observed to cause
significant disturbance to the short-term fading [Fig. 10(d)].
Here we can see that short-term down fades greater than
20 dB occasionally occur. In a similar fashion to the other
two scenarios, the κ − μ extreme distribution outperformed
the κ − μ distribution, providing lower R AD values for the
majority of the cases considered in this scenario (Table IV).

VII. CONCLUSION

In this paper, we have investigated the effect of vehicu-
lar traffic on W2W communications channels operating at
2.45 GHz in an urban environment. In particular, we have
investigated the statistical characteristics of the signal fading
observed in a W2W link formed by two persons positioned
on the opposite sides of a road. Based on a segmentation of
our measured channel data, according to the vehicle size and
position relative to the W2W link, we have found that when
both persons face in the direction of the oncoming traffic,
the channel was subject to significant disturbances. Fades of up
to 44.1 dB (Type II) from the unperturbed state are possible,
with vehicle-induced signal variations appearing as early as
6516 ms (Type IV) prior to the vehicle crossing the direct sig-
nal path of the W2W link. However, when one or both persons
were oriented so that they faced away from the direction of
the oncoming vehicle (Scenarios B and C), the susceptibility
to fading caused by an approaching vehicle was observed
to decrease significantly. When the vehicles traversed the
direct signal path between the two persons (i.e., transitioning
region), the duration of disturbance was observed to be largely
independent of relative body orientation, dependent instead
on the length of vehicle obscuring the LOS, while for a
receding vehicle, the W2W link was noticeably influenced by
the relative orientations of the two persons. In the scenarios
where both bodies shielded or partially obscured the multipath
signal originating from the direction of the retreating vehicle,
the impact of the vehicle on the W2W channel was greatly
reduced as evidenced by lower maximum fades and duration
of disturbances obtained.

To further study the propagation mechanisms responsible
for shaping the received signal power, we decomposed the
signal power into its long- and short-term fading components.
While not all of the regions suffered equally from the effects of
long-term fading, most notable was the impact of the vehicle
within the transitioning region for each of the scenarios. Due
to vehicle-induced shadowing, the long-term fading process

was found to be multimodal and well described by a GMM.
To assess the model order, we employed the AIC and found
that a third-order GMM was best suited to modeling the long-
term fading. To model the short-term fading, we initially used
the κ −μ distribution, however, an inspection of the estimated
model parameters revealed that the W2W channel in an urban
environment often underwent severe fading (i.e., κ → ∞ and
μ → 0). Therefore, we extended our candidate model set
to include the κ − μ extreme distribution. Using the R AD to
quantify the difference between the empirical and theoretical
pdfs, it was found that modeling using the κ − μ extreme
distribution represented the lowest information loss in 69% of
the cases. Nevertheless, due to the close relationship between
both models coupled with the severe fading experienced in this
environment, the differences between both fits were almost
visually indistinguishable in most cases.

Before concluding, it is worth remarking that the channel
characteristics experienced for W2W systems operating in the
presence of vehicular traffic can be expected to be different
for dissimilar environments (e.g., city center, and urban and
rural areas). Indeed, some work performed by the authors
and not presented here for brevity has indicated that simple
surrounding structures, such as a wall, can have a discernible
effect on the link characteristics. In this paper, the presence
of the wall promoted the impact of the vehicle, such that
its effects were noticeable from a greater distance compared
with the case when there are no surrounding structures. It also
mitigated the shadowing effect of the vehicle as it transitioned
the LOS path between the W2W users. In this paper, while
we have focused solely on the impact of the vehicle on
the W2W channel, as a future advancement of the work,
we recommend that the W2W channel should be investigated
from the environmental perspective to further enhance our
knowledge of this emerging wireless application.
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