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Abstract—In this paper, we investigate the characteristics of
the composite fading observed in non-line-of-sight (NLOS) off-
body communications channels using the η-µ/inverse gamma
distribution. We use a number of different datasets obtained
from NLOS off-body measurements which have been performed
in a range of different environments at 5.8 GHz and 60 GHz. In
all cases, the bodyworn node was positioned on the front-central
chest region of an adult male. It is shown that the η-µ/inverse
gamma model provides an excellent fit to the measurement data
for all of the considered cases. Using the Akaike information
criterion (AIC), we have compared the η-µ/inverse gamma model
with other composite and non-composite fading models associated
with the NLOS channel conditions. The AIC results confirm that
the η-µ/inverse gamma model was the most likely model to have
been responsible for generating the channel data from the set of
candidates which were considered.

Index Terms—composite fading, η-µ/inverse gamma distribu-
tion, off-body channel, non-line-of-sight channel.

I. INTRODUCTION

To take into account the simultaneous effect of multipath
and shadowing, a number of studies have proposed the use of
composite fading models for both conventional and emerging
communications channels [1–4]. Among the emergent com-
munications channels are those found in body-centric applica-
tions, which have gained much attention in the literature due
to the wide range of potential use cases in the sports, medical,
military and entertainment sectors.

As a result, new composite fading models have been
proposed and used to model body centric communications
channels [5–8]. For example, in [5], the composite fading
experienced in on-, off- and body-to-body channels was char-
acterized using the κ-µ/lognormal distribution which assumes
that the resultant dominant signal component is shadowed and
follows the lognormal distribution. In contrast, the authors
of [6] have extensively characterized the composite fading
observed in indoor off-body channels using the κ-µ/gamma
distribution which assumes that the mean signal power of the
multipath components, i.e. both the dominant and scattered
components, undergoes shadowing and follows the gamma
distribution. More recently, the authors of [7], [8] have pro-
posed two new composite fading models based on the κ-µ and
η-µ distributions respectively. These new models have many
advantages over the composite models proposed in [5], [6],
not least that they are extremely tractable and their primary

statistics of interest can be expressed in convenient closed-
form expressions.

In off-body communications systems, at least one end of
the communications link is positioned on the human body.
Consequently, the overall system performance can suffer from
complex antenna-body interaction effects such as radiation
pattern distortion and reduced radiation efficiency [9]. Addi-
tionally, due to the transceiver operating in close proximity to
the human body, the wireless link can be prone to shadowing
events induced by the movement of body parts and blockages
caused by both the user’s body and/or surrounding people and
obstacles [10]. The net result of all of these factors may be
deep fades in the received signal which can degrade the overall
signal reliability.

Quite often in off-body communications channels, there
may exist no direct signal path between the transmitter (Tx)
and receiver (Rx). This may happen for example when the
user’s body obstructs the optical line of sight path between the
Tx and Rx. In this instance, it is more reasonable to assume
that scattered multipath components exist only, i.e. the off-
body link is supported by non-line-of-sight (NLOS) channel
conditions, and its mean power is subject to shadowing effect
which be induced by the user’s body or the local surroundings
(or a combination of both). Therefore, in this study, we
investigate the characteristics of the composite fading observed
in NLOS off-body channels using the η-µ/inverse gamma
distribution proposed in [8]. Furthermore, we compare our
results with the Rayleigh, Nakagami-m and Nakagami/gamma
[4] models which are traditionally associated with NLOS
channel conditions.

This paper is organized as follows. Section II briefly in-
troduces the η-µ/inverse gamma fading model. Section III
describes the 5.8 GHz and 60 GHz NLOS off-body channel
measurement set-up, environments and scenarios. In Section
IV, the parameter estimates and model fitting are presented
along with the model selection. Finally, Section V concludes
the paper with some closing remarks.

II. COMPOSITE FADING MODEL

The probability density function (PDF) of the composite
signal envelope, R, in an η-µ/inverse gamma fading channel
can be expressed as shown in (1) at the top of the next
page [8]. In (1), Γ (·) and 2F1 (·, ·; ·; ·) represent the gamma
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and Gaussian hypergeometric functions respectively. In terms
of its physical interpretation, η is defined as the scattered
wave power ratio between the in-phase and quadrature com-
ponents of each cluster of multipath in Format 1 whereas the
correlation coefficient between the scattered wave in-phase
and quadrature components of each cluster of multipath in
Format 2 [11]. It is worth noting that Format 1 is utilized in
this study and thus h = 2+η−1+η

4 and H = η−1+η
4 in (1). The

µ parameter is related to the number of multipath clusters
while α and β are the shape and scale parameters of the
inverse gamma distribution. In (1), the α parameter controls
the amount of the shadowing of the mean signal power. More
specifically, as α approaches infinity (i.e. α → ∞), there
is no shadowing and thus the mean signal power becomes
deterministic. Accordingly, the PDF given in (1) corresponds
to the η-µ PDF. On the other hand, as α approaches zero
(i.e. α → 0), the scattered signal components are completely
shadowed.

III. CHANNEL MEASUREMENTS

A. 5.8 GHz NLOS off-body measurements

The 5.8 GHz NLOS off-body channel measurements were
performed within three indoor environments, namely a lab-
oratory room, a seminar room and an open office area.
These are spread over the 1st or 2nd floors of the Institute
of Electronics, Communications and Information Technology
(ECIT) at Queen’s University Belfast in the United Kingdom.
The details of the environments are described in [6]. The Tx
used for the 5.8 GHz NLOS off-body measurements consisted
of an ML 5805 transceiver manufactured by RFMD which
was configured to generate a continuous wave signal with an
output power of +17.6 dBm at 5.8 GHz. The Tx was situated
tangentially with respect to the body surface of the front-
central chest region of an adult male of height 1.83 m and
mass 73 kg using a small strip of Velcro®. The measured free
space and bodyworn azimuthal radiation patterns are presented
in Fig. 1.

For the Rx, a single antenna was positioned on a non-
conductive polyvinyl chloride (PVC) pole at height of 1.10 m
above the floor level so that it was vertically polarized. It was
connected to port 1 of a Rohde & Schwarz ZVB-8 vector
network analyzer (VNA) using a low-loss coaxial cable. The
VNA setup was configured as a sampling receiver, recording
the b1 wave quantity incident on port 1 with a bandwidth
of 10 kHz and a channel sample rate of 425.6 Hz. The
antennas used by both the Tx and Rx were omnidirectional
sleeve dipole antennas with +2.3 dBi gain (Mobile Mark
model PSKN3-24/55S) in free space. For the NLOS off-body
channel conditions, the test subject walked away from the Rx

Fig. 1. The measured free space and bodyworn azimuthal radiation patterns
at 5.8 GHz and 60 GHz.

Fig. 2. 60 GHz NLOS off-body channel measurement environments: (a)
indoor hallway and open office area; (b) outdoor car park.

in a straight line (from 1 m point to 9 m point) for each
environment.

B. 60 GHz NLOS off-body measurements

The 60 GHz NLOS off-body channel measurements were
conducted within four different environments, namely a hall-
way, an open office, an anechoic chamber and a car park.
The hallway and open office environments are located on the
1st floor of the ECIT building. As shown in Fig. 2, the open



Fig. 3. Empirical PDFs (symbols) of the composite fading observed in the NLOS off-body channel at 5.8 GHz within (a) the laboratory room, (b) the seminar
room and (c) the open office area environments compared to the theoretical PDFs for the η-µ/inverse gamma (continuous lines) model.

office area contained a number of soft partitions, cabinets, PCs,
chairs and desks. The anechoic chamber is described in [12]
and outdoor car park is adjacent to the ECIT building.

The 60 GHz off-body measurement system consist of a
Hittite HMC6000LP711E Tx and Hittite HMC6001LP711E
Rx modules. Both the Tx and Rx modules contain on-chip low
profile antennas with +7.5 dBi gain. The Tx was configured to
generate a continuous wave signal at the maximum Equivalent
Isotropically Radiated Power (EIRP) of +21.1 dBm1 and was
securely fixed to the inside of a compact acrylonitrile butadiene
styrene (ABS) enclosure (80 mm × 80 mm × 20 mm).
During the measurements, the Tx was positioned on the front-
central chest region of an adult male of height of 1.83 m
and mass 78 kg using a small strip of Velcro®. The measured
azimuthal radiation patterns for the Tx antenna in free space
and positioned on the front-central chest region of the human
body are also shown in Fig. 1. The Rx was positioned on a
non-conductive polyvinyl chloride (PVC) stand at an elevation
of 2.38 m above the floor level so that the Rx antenna was
vertically polarized. The complex baseband output of the Rx
module was connected to port 1 of a Rhode & Schwarz
ZVB-8 VNA using an I/Q differential splitter network and
SubMiniature version A (SMA) barrel connectors. The setup
was configured to record the b1 wave quantity incident on port
1 with a bandwidth of 100 kHz and a channel sample rate of
118 Hz.

Similar to the 5.8 GHz NLOS off-body measurements, the
test subject walked away from the Rx in a straight line for
the NLOS off-body channel conditions. Due to the dissimilar
size of each environment, the walking distances for each
environment were different, in particular, hallway (14 m), open
office (9 m), anechoic chamber (7 m) and car park (49 m).
It is worth highlighting that only first 5 m of the off-body
channel data in the car park environment was used in data
analysis due to the received signal power regularly extending
below the noise threshold of the receiver beyond this point.

1The EIRP was measured in a non-reverberant setting at a separation
distance of 0.24 m using a Keysight E8361C Network Analyzer and a 20 dB
gain horn antenna manufactured by Flann (model no. 25240-25).

TABLE I
PARAMETER ESTIMATES OF THE η-µ/INVERSE GAMMA FADING MODEL
FOR ALL OF THE CONSIDERED NLOS OFF-BODY MEASUREMENT DATA.

Frequency Environments η µ α β

Laboratory 1.00 0.52 8.92 14.69

5.8 GHz Seminar 0.21 0.41 5.40 11.74

Open office 1.00 0.52 9.04 14.84

60 GHz

Hallway 0.04 0.95 20.00 32.67

Open office 5.89 0.79 3.56 4.96

Anechoic 5.33 0.87 14.87 21.54

Car park 1.00 1.25 2.90 3.01

IV. RESULTS

A. Data fitting

For both frequency bands, the composite fading signal was
first abstracted by removing the estimated path loss from the
raw measurement data using the log-distance path loss given
in [13]. Then the corresponding parameter estimates for the
η-µ/inverse gamma model were obtained using a non-linear
least squares routine programmed in MATLAB to fit (1) to
the NLOS off-body measurement data. As an example of data
fitting process, Figs. 3 and 4 show the empirical PDFs and
theoretical PDFs of the η-µ/inverse gamma fading model for
all of the 5.8 GHz and 60 GHz NLOS off-body measurement
data, respectively. It is obvious that the η-µ/inverse gamma
fading model provided an excellent fit to the NLOS off-body
measurement data for all of the considered cases in this study.
Table I provides the parameter estimates for the η-µ/inverse
gamma fading model for all of the measurement data. This
allows the reader to reproduce their own simulated composite
fading data.

Interestingly, for the 5.8 GHz frequency band, the parameter
estimates obtained for the laboratory environment were quite
similar to those for the open office environment, suggesting
that similar composite fading was experienced in both envi-
ronments. It was also observed that the scattered wave power



Fig. 4. Empirical PDFs (symbols) of the composite fading observed in the NLOS off-body channel at 60 GHz for (a) the hallway, (b) the open office, (c)
the anechoic chamber and (d) the car park environments compared to the theoretical PDFs for the η-µ/inverse gamma (continuous lines) model.

of the in-phase and quadrature components of each cluster
of multipath were identical (η = 1) for the laboratory and
open office environments at 5.8 GHz and outdoor car park
environment at 60 GHz, but not identical (η ̸= 1) for the
remainder of the environments. This suggests that the scattered
wave power of in-phase and quadrature components varies
according to both the environment and operating frequency.
When comparing the µ parameters for the 5.8 GHz and
60 GHz channel measurements, for all of the environments,
the µ parameters for the 60 GHz measurements were found
to be relatively greater than those for 5.8 GHz, indicating
that 60 GHz NLOS off-body channels are more impacted by
scattered multipath than 5.8 GHz NLOS off-body channels.

B. Model selection

The Rayleigh and Nakagami-m distributions have been
synonymous with small-scale fading in NLOS channel condi-
tions. Furthermore, the Nakagami/gamma model, also known
as generalized K (KG) model, has been proposed based on

the Nakagami-m fading model to characterize small-scale
fading with shadowing. To ascertain the most probable model
among the η-µ/inverse gamma, KG, Rayleigh and Nakagami-
m distributions for characterizing NLOS off-body channels,
the Akaike information criterion (AIC) was used. More specif-
ically, we used the second-order AIC (AICc) in a similar
manner to the analysis employed in [14]

AICC = −2 ln (l (θ|data)) + 2M +
2M (M + 1)

n−M − 1
(2)

where ln (l (θ|data)) is the value of the maximized log-
likelihood for the unknown parameter θ of the model given
the data, M is the number of estimated parameters available
in the model, and n is the sample size. It should be noted
that the lower the value returned by the AICc, then the more
likely the candidate model was to have generated the data.

To visually compare the goodness-of-fit of the five candidate
models, Fig. 5 shows their PDFs fitted to the NLOS off-body



Fig. 5. Comparison of the four candidate fading models for the 5.8 GHz
NLOS off-body measurement data in seminar room.

TABLE II
AICc RANK FOR ALL OF THE CONSIDERED NLOS OFF-BODY CHANNEL

MEASUREMENT DATA.

Freq- Environ- η-µ/inverse
KG Rayleigh Nakagami-m

uency ments gamma

Laboratory 1 2 4 3

5.8 GHz Seminar 1 2 4 3

Open office 1 2 4 3

60 GHz

Hallway 1 2 4 3

Open office 1 2 3 4

Anechoic 2 1 4 3

Car park 1 2 4 3

measurement data observed in seminar room at 5.8 GHz. It is
clear that both of the composite fading models outperformed
the Rayleigh and Nakagami-m fading models. Furthermore,
as shown in Table II, the five candidate models were ranked
according to their AICc. It was found that the η-µ/inverse
gamma distribution was chosen as the best model for 85.7 %
of the cases considered in this study.

V. CONCLUSION

The characteristics of the composite fading experienced in
the NLOS off-body communications channels at 5.8 GHz
and 60 GHz have been investigated using the η-µ/inverse
gamma distribution. Over all of the channel measurements,
the composite fading observed in NLOS off-body channels
was well modeled using the η-µ/inverse gamma distribution.
Using the AICc, it has been shown that the η-µ/inverse gamma
composite fading model was selected the best model for the
majority of the cases.
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