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Near-Body Shadowing Analysis at 60 GHz
Theodoros Mavridis, Luca Petrillo, Julien Sarrazin, Member, IEEE Aziz Benlarbi-Delaı̈, Philippe De Doncker

Abstract—A numerical model of the fading of a receiver located
near the user body at 60 GHz in an indoor environment is
presented. The model is based on the indoor channel model IEEE
802.11ad. The results are presented for a receiver located in a
zone from 5 to 30 cm away from the body. With the shadowing
depending on the region (front or back) with respect to the base
station, the mean attenuation of the channel over the bandwidth
is analyzed and model thanks to a Two-Wave Diffuse Power
distribution model.

Index Terms—Body Area Networks, Millimeter waves, 60 GHz,
Creeping wave, V-Band, Near-Body, Fading

I. INTRODUCTION

The popularity of wireless communication technologies has
increased the need for reliable, high-speed communications.
Successive technologies have been proposed using large bands
of the RF spectrum. The next emerging technologies for
achieving short-range indoor communications with data rates
of a few Gbit/s are foreseen to work at 60 GHz [1]. The
progress in low-cost mm-wave circuit design and the wide
available spectrum around 60 GHz will allow for developing
new communication services such as HD streaming video,
augmented reality, wireless gaming, Gigabit Ethernet,... [2].

However, millimeter-wave propagation introduces high path
losses and fading effects. One of the most important interaction
to deal with is the human body influence on the communi-
cation channel. In this context, 60 GHz Body Area Networks
(BANs) [3] have been studied in order to characterize the path
loss for both on- [4], [5] and off-body [6], [7] scenarios. More
particularly, [8] has studied the effect of clothes on the on-body
path loss. Some research have also focused on the development
of efficient antennas for body centric applications [9]. More
recently, statistical models of fading have also been proposed
for dynamic on-body situations [10], [11].

Also, some works have studied the shadowing created by
a body blocking the main path [12]. However, one of the
most probable scenarios would be the presence of the human
body next to the communication device. The widespread of
smartphones and tablets has increased the need for higher
wireless data rates in a close region around the human body
(against the ear, in front of the user,...). We choose to define
a new spatial region from 5 to 30 cm away from the body,
referred to as the Near-Body zone. This zone corresponds to
the region where the user often places his smartphone, tablet
or laptop.

T. Mavridis, L. Petrillo and P. De Doncker are with OPERA Dpt. -
Wireless Communications Group, Université Libre de Bruxelles (ULB), B-
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In this paper, a simple diffraction model is proposed for a
receiver located from 5 to 30 cm away from the body. The
model is similar to deterministic BAN channel models [6],
[13]. The simplicity of the model does not allow an exact
description of the channel since it does not take into account
complex interactions such as arm movements, etc. However,
the model is able to spatially characterize the channel around
the human body and to give a physical understanding of the
phenomenon.

Section II presents the numerical implementation of the
indoor off-body channel model. General considerations about
the model, the spatial region under study and the simulations
are also presented. Then, Section III studies the mean atten-
uation of the channel over the bandwidth in this Near-Body
scenario. Also, a discussion of the communications aspects is
given. Section IV presents the experimental validation. Finally,
section V concludes this paper.

II. INDOOR NEAR BODY CHANNEL IMPLEMENTATION

In [6], an off-body channel model has been derived by mod-
eling the human body by a circular cylinder. The cylindrical
model has been widely used in the literature [14] and it is
convenient to model static (or averaged) scenario. [4] showed
that the electric properties of the body model can be set to the
human skin. Also, in [8], the impact of clothing on 60 GHz on-
body propagation has been studied and no significant impacts
on path loss have been observed. At 60 GHz, the cylindrical
model has been investigated experimentally and

it was shown that the cylindrical model gives a maximum
3 dB error on the electric field power measured on a real
human torso-body [6]. In the following, we will consider that
this error is small enough to consider a cylindrical model for
the human body in static scenarios.

However, in [6], the antenna was always assumed to be
at maximum 5 mm from the human body. Using the same
methodology, a modified model can be derived for larger
distances from 5 to 30 cm. This will model the channel
between an external base station and a user using a device
close to his body. The developed model is ray-based so that it
can be included in Saleh-Valenzuela like channel models [15].

A. Geometry and Spatial Regions

The base station and the user are located in an indoor
environment. The user holds a communication device close
to him in the small zone drawn in Fig. 1.

It is proposed to split space into two regions with respect
to the transmitter (Tx): front and back as presented in Fig. 2.
The regions are defined azimuthally with respect to the human
body model (cylinder).
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Fig. 2. Studied Regions Scheme with respect to the transmitter (Tx).

The regions are defined by considering the location of the
receiving antenna in regards of the fixed base station and the
body location. The front region is then defined as the set of
points where the base station and the receiving antenna are
in line-of-sight while the locus given by the non-line-of-sight
configurations is the back region. It is worth noticing that
this definition is then not related to the real orientation of the
user.

This definition of the front and back regions are in agree-
ment with the physical regions in [6]: lit and shadow region
which had been defined by considering the behaviour of the
electric field (Geometrical Optics and creeping wave).

In the simulations in section III, the base station and the
human body are moved randomly in the indoor environment
but the definition of the regions still remains as described
above.

B. Diffraction Model

The diffraction model in the front (or lit) region is calculated
using Geometrical Optics (GO). These solutions are trivial and
not presented here but can be found in [16].

In [6], the classic modal solution of the scattering by a
circular cylinder is derived in the back (or shadow) region

into a creeping wave formulation using Watson’s transform. It
is known that the modal solution has convergence issues while
the creeping wave formulation in (1) is a fast computing and
convergent solution.

In [13], due to the close-to-cylinder assumption, the sum
was approximated to the first creeping wave mode. For dis-
tances between 5 cm and 30 cm, it can be numerically shown
that three terms of (1) are enough to obtain an acceptable
accuracy.

For a normalized incident plane wave transmitted by a
vertically polarized antenna and called TM, the creeping wave
modes formulation is given by [13]:

Etot,TM
ρ = −2πj cos θie

jkz cos θi
∑
l

jυl ãτH
(2)′

υl
(kρ sin θi)Φυl(φ)

Etot,TM
φ = 2π

cot θi
jkρ

ejkz cos θi
∑
l

υlj
υl−1ãτH

(2)
υl

(kρ sin θi)Φυl(φ)

Etot,TM
z = 2π sin θie

jkz cos θi
∑
l

jυl ãτH
(2)
υl

(kρ sin θi)Φυl(φ)

(1)
where k is the free space wavenumber, θi is the elevation angle
of the incident plane wave and

ãτ =
1

m

A′(τ)− qA(τ)

τW2(τ)− qW ′2(τ)
, (2)

υl = ka + mτl, m = (ka/2)1/3, Φυ(φ) = cos υ(φ−π)
sinπυ and

q = m
√
εr. εr is the complex relative permittivity, a is the

cylinder radius and ρ is the distance between the center of the
cylinder and observation point. In these equations, H(2)

υ is the
Hankel function and A,W2 are respectively the standard and
modified Airy functions [6]. The τl are obtained by solving:

W ′2(τl)− qW2(τl) = 0. (3)

For a normalized TE incident plane wave, the creeping wave
modes formulation is calculated by:

Etot,TE
ρ = −j 1

kρ

e−jkz cos θi

sin θi
2π

∑
l

υ′lj
υ′l b̃τ ′lH

(2)
υ′l

(kρ sin θi)Φυ′l(φ)

Etot,TE
φ = je−jkz cos θi

2π

m

∑
l

jυ
′
l+1b̃τ ′lH

(2)′

υ′l
(kρ sin θi)Φυ′l(φ)

Etot,TE
z = 0

(4)
where υ′l = ka+mτ ′l , τ

′
l verifies W ′2(τl)− qW2(τl) = 0 and

b̃τ =
1

m

qA′(τ)−A(τ)

qτW2(τ)−W ′2(τ)
, (5)

Numerically, it can be shown by comparing the creeping
wave modes formulation to the Eigenmode solution [17] that
the first three modes are sufficient to reach a maximal 3 dB
error between both solutions in the Near-Body region. This
error corresponds to the accuracy of the circular cylinder
model found in [6].

C. Indoor Channel Implementation

The general structure of the polarized impulse response of
the IEEE 802.11ad model can be written as [15]:
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h(t, φTx, θTx, φRx, θRx) =
∑
i

H(i)×

C(i)(t− T (i), φTx − Φ
(i)
Tx , θTx −Θ

(i)
Tx , φRx − Φ

(i)
Rx , θRx −Θ

(i)
Rx )
(6)

where C(i) is the impulse response relative to the ith cluster:

C(i)(t, φTx, θTx, φRx, θRx) =
∑
k

α(i,k)δ(t− τ (i,k))×

δ(φTx − φ(i,k)
Tx )δ(θTx − θ(i,k)

Tx )δ(φRx − φ(i,k)
Rx )δ(θRx − θ(i,k)

Rx )
(7)

where,

• h is the channel impulse response
• t, τ, φTx, θTx, φRx, θRx are, respectively, time, delay, az-

imuth and elevation angles at the transmitter (Tx) and
receiver (Rx).

• H(i) is the ith 2x2 polarization matrix cluster gain.
• T (i),Φ

(i)
Tx ,Θ

(i)
Tx ,Φ

(i)
Rx ,Θ

(i)
Rx are the temporal and angular

coordinates of ith cluster.
• α(i,k) is the kth ray magnitude of the ith cluster.

In an off-body scenario, each ray in (6)-(7) is perturbed by
the presence of the human body near the receiver. In order to
extend the model to an off-body scenario, the idea is to convert
each ray in (6)-(7) into a wave diffracted by a circular cylinder
with a radius a and an antenna located at (ρ, φ0) position. Let
T be the operator applying this transformation:

α(i,k)′

τ (i,k)′

φ
(i,k)′

rx

θ
(i,k)′

rx

 = T(a,ρ,φ0)


α(i,k)

τ (i,k)

φ
(i,k)
rx

θ
(i,k)
rx

 (8)

where the parameters in the off-body scenario take ’ and
the other parameters on the right-hand side are given by the
IEEE 802.11ad model. By using the GO and the equations
(1) and (4) developed above, T can be easily defined in the
Near-Body zone by considering the two regions: T front in the
front region and T back in the back one.

The indoor channel model, equations (6) and (7), considered
in the following is the Conference Room of the IEEE802.11ad
and more particularly the AP-AP one [15]. This means that
the transmitting and receiving antennas are placed at the same
height and are spaced by 2 meters. The cylinder modelling
the human body has a 0.2 m radius and it is filled with
material equivalent to the human skin (εr = 7.97 − 10.92j).
The channel is evaluated all around the body (from 0 ˚ to
360 ˚ in azimuth) with an angular step of 0.3 ˚ and from 5 to
30 cm away from it with a radial step of 0.5 mm. Hundred
channel realizations using the IEEE are evaluated and injected
in the model.

The transmitting antenna is assumed to be TM polarized,
i.e. the transmitted electric field is parallel to the body height.
The receiver is also assumed to be z-oriented.

In the 60 GHz bandwidth, some communication protocols
have been set up such as Wigig [18]. Orthogonal frequency-
division multiplexing (OFDM) is considered to achieve com-
munication. Hence, in this paper, it is proposed to study signal
shadowing in the Near-Body zone through the mean frequency
channel response over the bandwidth which is the relevant
parameter describing channel attenuation for OFDM:

µH =
1

∆f

∫
∆f

|H(f)|df (9)

with H(f) the channel frequency response.

At 60 GHz, the antenna aperture can not be neglected and
has to be taken into account since the carrier wavelength is
5 mm. In the following, spatial integration of the electric
field is performed along on the spatial extension of about the
antenna aperture used in the experimental validation, which is
1 mm2. To highlight the effect of taking into account the size
aperture, both cases will be numerically investigated: with and
without the spatial integration on the antenna aperture.

III. MEAN ATTENUATION

A. Front Region Distribution

In the front region, the electric field is calculated using
Geometrical Optics. The main impact on µH is due to the
line-of-sight ray and the reflection off the cylinder. The other
rays arriving on the body have lower power due to the higher
travelled distance. This situation is well suited to be modelled
by a Two-Wave Diffuse Power (TWDP) distribution [19]
which models the received amplitude V as :

V = V1e
jΦ1 + V2e

jΦ2 +
∑
i

Ṽie
jΦi (10)

where V1,2 denotes the magnitude of the specular components
1, 2 and Φ1,2 are the random associated phases. The second
part of (10) describes the non-specular components. The
probability density function (PDF) of r, the magnitude of V ,
used to fit the simulation in Fig. 3-4 is calculated by:

TWDP PDF(r; ∆,K, σ) = f(r) =
r

σ2
e
−r2

2σ2
−K×

1

π

∫ π

0

e∆K cos θI0(
r

σ

√
2K(1−∆ cos θ))dθ

(11)

where σ2 is the variance of the diffuse part, I0 is the modified
Bessel function of the first order, K is equivalent to the Rice
factor, K =

V 2
1 +V 2

2

2σ.2 , and ∆ is defined by:

∆ =
Peak Specular Power

Average Specular Power
− 1 =

2V1V2

V 2
1 + V 2

2

(12)

It can be easily deduced that the specular magnitudes are
given by:

V1 =

√
Kσ2

2
(
√

2 + ∆ +
√

2−∆)

V2 =

√
Kσ2

2
(
√

2 + ∆−
√

2−∆)

(13)

Fig. 3 shows an example of probability density function and
its best fitting.
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Fig. 3. Probability density functions. Without Antenna Aperture Integration.
K = 21.65 dB, ∆ = 0.66 and σ = 1.25 × 10−5 in the front region and
K = 20.85 dB, ∆ = 0.35 and σ = 3.50 × 10−6 in the back one. The
Indoor distribution corresponds to the case without the body presence.
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Fig. 4. Probability density functions. With Antenna Aperture Integration.
K = 20.84 dB, ∆ = 0.32 and σ = 1.33 × 10−5 in the front region and
K = 15.74 dB, ∆ = 0.11 and σ = 5.79 × 10−6 in the back one

To fit the obtained data with a two-wave diffuse power
distribution, a Maximum Likelihood (MLE) algorithm was
used. However, it has been heuristically observed that the
convergence of the algorithm is highly dependent to the initial
values of the parameters. An easy way of getting these initial
values is using the moments µn of the TWDP distribution:

µn =

∫ ∞
0

rnf(r)dr (14)

It has been shown in [20] that the first moments are:

µ1 = (1 +K)2σ2

µ2 = (2σ2)2 1

2
(4 + 8K +K2(2 + ∆2))

µ3 = (2σ2)3 1

2
(12 + 36K + 9K2(2 + ∆2) +K3(2 + 3∆2))

(15)

TABLE I
TWO-WAVES DIFFUSE POWER PARAMETERS IN THE FRONT REGION. THE

VALUES ARE OBTAINED NUMERICALLY ON HUNDRED CHANNEL
REALIZATIONS.

Case Parameter Mean Value CI95%

Without Antenna

K 21.70 dB [21.04, 22.01] dB

Aperture Int.

σ 1.23×10−5 [1.19, 1.32]×10−5

∆ 0.62 [0.606, 0.627]
V1 -73.63 dB [-73.64, -73.58] dB
V2 -89.56 dB [-89.76, -89.51] dB

With Antenna

K 20.84 dB [20.49, 21.12] dB

Aperture Int.

σ 1.33×10−5 [1.29, 1.38]×10−5

∆ 0.32 [0.315, 0.326]
V1 -73.71 dB [-73.72, -73.68] dB
V2 -95.48 dB [-95.69, -95.44] dB

TABLE II
TWO-WAVES DIFFUSE POWER PARAMETERS IN THE BACK REGION. THE

VALUES NUMERICALLY ARE OBTAINED ON HUNDRED CHANNEL
REALIZATIONS.

Radius Parameter Mean Value CI95%

Without Antenna

K 13.26 dB [5.38, 18.56] dB

Aperture Int.

σ 8.07 ×10−6 [0.41, 1.98]×10−5

∆ 0.13 [0.01, 0.27]
V1 -85.94 dB [-89.47, -82.77] dB
V2 -108.7 dB [-119.71,-97.54] dB

With Antenna

K 15.74 dB [8.07, 20.40] dB

Aperture Int.

σ 5.79 ×10−6 [0.34, 1.31]×10−5

∆ 0.11 [0.01, 0.25]
V1 -85.82 dB [-82.299, -89.290] dB
V2 -111.36 dB [-117.50, -101.82] dB

Solving this system for each channel realization allows
one to give initial values for the distribution parameters K,σ
and ∆. Hundred simulations have been computed using the
model proposed above and the values of K,σ and ∆ have
been obtained for each one. It has been numerically observed
that these parameters can be well described by a normal
distribution. For sake of clarity, the mean value and the 95%
confidence interval are presented in Table. I. The confidence
interval gives typical bounds and is summarized as CI95%.

Since the distribution has high K values, the distribution
tends to a two-wave distribution but the TWDP is more
suited for this problem. This latter better models the rising
and descending parts of the curve drawn in Fig. 3.

B. Back Region Distribution

The back region can also been modeled by a TWDP
distribution. The same parameters are calculated from the back
region and summarized in table II.

By comparing the results from Tables I and II, it can be
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Fig. 5. Cumulative distribution functions representing the hyper Rayleigh
region and the Near-Body scenario. The Ricean region corresponds to the
hatched one.

seen that the antenna integration have a severe impact in the
Front Region where ∆ goes from 0.6 to 0.3 while in the Back
one, the variations are limited. As expected, the attenuation
of V1 and V2 can be noticed between the front and the back
region. The range of variation (CI95%) of the parameters is
also wider in the back region which creates higher variability
of the obtained distributions.

In the front region, parameters have a low standard
deviation. This can be easily explained by the fact that the
behaviour of µH is only dictated by the direct ray and the
reflected one off the body. It seems that the position in the
environment have almost no impact on the results and hence,
on the fading. On the other hand, the back region is more
influenced by the user location since the fitting parameters
are more affected.

By comparing the cases with and without antenna
integration, it is important to notice that the antenna averages
the received power implying a reduction of fading. It seems
that the antenna reduces the impact of small scale variations
which can be seen by the large reduction of ∆ in the front
region. In the back region, the two-wave distribution is no
longer visible in the probability density function. In summary,
it can be inferred that the antenna aperture has a strong
smoothing effect on fading.

Recent research [21], [22] has identified and measured the
existence of Hyper-Rayleigh fading. This term has been intro-
duced to define a fading more severe than the one predicted by
the Rayleigh model. It has been empirically shown by [21] that
in some specific environments 20% of measurements exhibit
Hyper-Rayleigh fading. The worst case is obtained in a two-
wave environment (TWDP with ∆ = 1 and K = ∞). Since
we defined the Near-Body region with a TWDP distribution,
it is necessary to evaluate the type of fading occurring.

Frolik [21] has defined three fading families (Ricean,

Fig. 6. Photo of the experimental setup.

Rayleigh and Hyper Rayleigh) based on the received power
cumulative distribution function (CDF). They are presented
in Fig. 5 for the case without antenna aperture integration
where the hatched region corresponds to Ricean like fading.
The cumulative probabilities have been normalized such that
0 dB corresponds to a 50% probability. The Near-Body
region fading has been plotted for the Front Region using the
parameters of Table I. The limits of this region are obtained
using the parameters in Table I at the first standard deviation.
It can be seen that the Near-Body fading is in a deep Ricean
region insuring weak fading.

IV. EXPERIMENTAL COMPARISON

The main experimental parameters are presented in
Table III. A collection of 1001 channel acquisition points
has been obtained randomly in front of the user body using
a Rohde & Schwarz Vector Network analyser. To increase
the dynamic range a 30 dB amplifier was placed at the
receiver side and a 3 dB open waveguide antenna was used
at the transmitter side. The user was located at 2 m from the
transmitter and the receiver was located randomly from 5 cm
to 30 cm away from the user body. The antenna were both
located at 1.2 m height. To allow shadowing characterization,
an omni-directional antenna (FLANN Microwave ref. MD249-
AA) has been used at the receiver side. The user holds a
support specifically designed for moving the antenna with his
hand. This could simulate the utilization of a smart-phone or
tablet. In order to compare with the results without the body
presence, measurements have been taken with an automatic
positioning device during another channel measurement. The
room were the measurements have been conducted has a
size of 7 m × 4 m and a height of 2.5 m. The receiver has
been placed at the center of the room and the transmitter
2 m away. A photography of the experimental set-up is
presented in Fig. 6. The experimental mean attenuation over
the bandwidth is shown in Fig. 7.

Fig. 7 shows a TWDP distribution in the front region. The
fading seems to be comparable to the simulated results. The
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TABLE III
EXPERIMENTER PARAMETERS

Symbol Value

Center Frequency 60 GHz
Bandwidth 2 GHz

Number of frequency points 501
VNA IFbandwidth 10 kHz

Total Number of channel acquisitions 1001
Body Perimeter 93 cm

Body Height 1.85 m
Body Mass 75 kg
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Fig. 7. Measured Probability density functions. The presented fittings are
presented in dotted line. The shadowing whithout the body presence is referred
to Indoor.

spread of the fading between the indoor case and the front
region one is also comparable to previous results. As expected,
in the back region, the averaged received power is reduced as
compared to the front one.

The fitting parameters are summarized in Table IV. It is
more convenient to compare the triple of values (V1, V2, σ)
since it has a clear physical meaning. In the front region, the
experiment results give (-73.49 dB, -96.87 dB, 1.3×10−5) and
the simulated values with antenna aperture integration give
(−73.71, −95.48, 1.33×10−5) dB. This shows a maximal
absolute error of about 1.5 dB and a maximal relative error
of about 1.5 % which shows a good agreement between
experiment and simulations.

TABLE IV
EXPERIMENTAL BEST FIT PARAMETERS

Front Region Back Region
K 21.24 dB 9.44 dB
σ 1.3 · 10−5 12.79 · 10−6

∆ 0.27 0.11
V1 -73.49 dB -85.42 dB
V2 -96.87 dB -116.62 dB

For experimental results, the back region gives the triple
(-85.42 dB, -116.62 dB, 1.28×10−5) and (-85.82 dB, -
111.36 dB, 5.8×10−6) for the simulations. These values show
some differences especially regarding σ. The measured results
are in the confidence interval (CI95%) of Table II.

Discrepancies between experiments and simulations point
out some weaknesses of the numerical model. Actually, the
signal is impacted by small movements of the body (such as
trembling, breathing,...) even in a “static” scenario. Also, the
body has a more complex geometry than the circular cylinder
and therefore, in the simulation results, the reflections off the
user body have not been completely taken into account like
the arm of the user that moved the antenna.

Since the experiment gives relatively close agreement to
the numerical simulations, it can be concluded that the TWDP
distribution as presented here is convenient to simulate body
shadowing at 60 GHz.

V. CONCLUSION

In this work, the study of the Near-Body region is proposed
for 60 GHz communications. This spatial region is extended
from 5 to 30 cm away of the user body. This scenario
would be relevant when users are using their devices such
as smartphones, laptops or tablets. A numerical model based
on the indoor channel model standardized by IEEE802.11ad
coupled with simple diffraction models has been used. The
diffraction model assumes that the human body can be mod-
eled by a circular cylinder. The aim of this model is to
quickly characterize the fading close to the body user in static
situations.

This Near-Body zone has been split up into two regions:
front and back, with respect to the transmitter since the
physical phenomena are different. It has been shown that this
latter is spatially distributed as a two wave diffuse power
distribution (TWDP) for both the front and back regions which
models the fading by considering two specular components
with diffuse scattered fields. The model has been illustrated
in the case of the Conference Room of the indoor channel
IEEE802.11ad. The mean attenuation of the channel has been
spatially studied. The results of the fading are summarized by
presenting the mean value and the 95% confidence interval
of the three parameters of the TWDP distribution. Between
these two regions, the specular components are reduced by
about 10 to 15 dB in the back region and the diffuse power
is also reduced of about 3 dB. The experiments have shown
results fitting into the confidence interval of the simulations,
assessing the model.

Also, the worst case of a TWDP has been discussed by
introducing the concept of hyper-Rayleigh environments.
Nevertheless, it has been shown that the Near-Body fading is
in the Ricean-like fading region.
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