
The  κ− μ / Inverse Gamma Fading Model

Yoo, S. K., Cotton, S. L., Sofotasios, P., Matthaiou, M., Valkama, M., & Karagiannidis, G. K. (2015). The κ− μ /
Inverse Gamma Fading Model. In 2015 IEEE 26th Annual International Symposium on Personal, Indoor, and
Mobile Radio Communications (PIMRC) https://doi.org/10.1109/PIMRC.2015.7343336

Published in:
2015 IEEE 26th Annual International Symposium on Personal, Indoor, and Mobile Radio Communications
(PIMRC)

Document Version:
Peer reviewed version

Queen's University Belfast - Research Portal:
Link to publication record in Queen's University Belfast Research Portal

Publisher rights
© 2015 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future
media, including reprinting/republishing this material for advertising or promotional purposes, creating new collective works, for resale or
redistribution to servers or lists, or reuse of any copyrighted component of this work in other works.

General rights
Copyright for the publications made accessible via the Queen's University Belfast Research Portal is retained by the author(s) and / or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated
with these rights.

Take down policy
The Research Portal is Queen's institutional repository that provides access to Queen's research output. Every effort has been made to
ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in the
Research Portal that you believe breaches copyright or violates any law, please contact openaccess@qub.ac.uk.

Download date:23. May. 2023

https://doi.org/10.1109/PIMRC.2015.7343336
https://pure.qub.ac.uk/en/publications/17e1a9cc-d91a-4344-a673-847e1f67ad40


The κ− µ / Inverse Gamma Fading Model

Seong Ki Yoo1, Simon L. Cotton1, Paschalis C. Sofotasios2,3, Michail Matthaiou1,4, Mikko Valkama2,

and George K. Karagiannidis3,5

1School of Electronics, Electrical Engineering and Computer Science, Queen’s University Belfast, BT3 9DT Belfast, UK

e-mail: {syoo02; simon.cotton;m.matthaiou}@qub.ac.uk
2Department of Electronics and Communications Engineering, Tampere University of Technology, FI-33101 Tampere, Finland

e-mail: {paschalis.sofotasios;mikko.e.valkama}@tut.fi
3Department of Electrical and Computer Engineering, Aristotle University of Thessaloniki, GR-54124 Thessaloniki, Greece

e-mail: {sofotasios, geokarag}@auth.gr
4Department of Signals and Systems, Chalmers University of Technology, SE-41296 Gothenburg, Sweden

5Department of Electrical and Computer Engineering, Khalifa University, PO Box 127788, Abu Dhabi, UAE

Abstract—Statistical distributions have been extensively used
in modeling fading effects in conventional and modern wireless
communications. In the present work, we propose a novel κ− µ

composite shadowed fading model, which is based on the valid
assumption that the mean signal power follows the inverse gamma
distribution instead of the lognormal or commonly used gamma
distributions. This distribution has a simple relationship with the
gamma distribution, but most importantly, its semi heavy-tailed
characteristics constitute it suitable for applications relating to
modeling of shadowed fading. Furthermore, the derived proba-
bility density function of the κ − µ / inverse gamma composite
distribution admits a rather simple algebraic representation that
renders it convenient to handle both analytically and numerically.
The validity and utility of this fading model are demonstrated
by means of modeling the fading effects encountered in body
centric communications channels, which have been known to
be susceptible to the shadowing effect. To this end, extensive
comparisons are provided between theoretical and respective
real-time measurement results. It is shown that these comparisons
exhibit accurate fitting of the new model for various measurement
set ups that correspond to realistic communication scenarios.

I. INTRODUCTION

It is widely known that fading phenomena can significantly

impact signal reception, resulting in detrimental effects on

the corresponding performance of wireless communication

systems. This is the case for both conventional and emerg-

ing communication systems and motivated by this, the last

few decades have witnessed significant contributions in the

characterization and modeling of fading channels [1]–[4]. It is

well known that fading is generally attributed to multipath

and shadowing effects [4]–[6]. In this context, shadowing

of the received signal in wireless communications systems

is typically caused by two different phenomena. The first

of these is line-of-sight (LOS) shadowing which relates to

the random variation of the power of the LOS component

caused by complete or partial obscuration of the direct signal

path [2], [7]. The second one occurs due to multiplicative

or composite shadowing which causes random fluctuations of

the total power of the multipath components, i.e. both the

LOS and scattered components simultaneously [8]–[19] and

the references therein.

It is also widely known that multipath and shadowing effects

occur simultaneously and thus, they should not be taken into

account separately. Based upon this, composite fading distribu-

tions, which are composed of a combination of one multipath

and one shadowing distribution, were proposed as an effective

modeling approach [1], [2]. Traditionally, composite fading

scenarios in wireless communications have been modeled un-

der the assumption of Rayleigh [8] or Nakagami-m distributed

[9] signal envelopes with the mean signal power assumed to

follow either the lognormal or the gamma distribution. More

recently, the κ − µ signal envelope has also been studied as

it constitutes a remarkably versatile fading model which also

includes as special cases other important distributions, such

as the one-sided Gaussian, Rice (Nakagami-n), Nakagami-m
and Rayleigh distributions [3].

To this end, the authors of [11] assumed that the mean signal

power of a κ−µ signal envelope follows a gamma probability

density function (PDF). Yet, due to the inherent mathematical

complexity of the resulting integral, the derivation of a simple

closed-form for the PDF of the κ − µ / gamma composite

model was infeasible and an exact infinite series representation

was derived instead. In the same context, elegant closed-form

expressions for different statistical measures of the κ − µ
shadowed distribution were derived in [2]. Nevertheless, the

algebraic representation of these expressions is not particu-

larly convenient for the derivation of tractable closed-form

expressions for various performance measures of interest.

Motivated by this, the present contribution explores the use

of the closely related inverse gamma distribution to represent

the shadowing of the mean signal power. Based on this, we

subsequently utilize it in the context of composite fading

conditions when multipath fading is characterized by the κ−µ
distribution. It is noted that similar to the gamma PDF, the

inverse gamma PDF can also exhibit an explicit semi heavy-

tailed behavior, which as is subsequently shown, renders it



a rather accurate fading model for accounting for shadowing

effects. In addition, a simple analytic expression is derived

for the PDF of κ − µ / inverse gamma fading model, which

is expressed in a straightforward closed-form representation

that is convenient to handle both analytically and numerically.

As already mentioned, the proposed model will be useful in

numerous applications in wireless communications. To this

end, its validity and usefulness is indicatively justified through

comparisons with respective real-time measurement results in

the context of body centric communications.

II. THE κ− µ / INVERSE GAMMA MULTIPATH/

SHADOWING FADING DISTRIBUTION

A. The κ− µ Distribution

It is recalled that the κ−µ distribution constitutes a generic

fading model that is capable of accounting for multipath fading

in line-of-sight (LOS)scenarios [3]. Its flexibility is based on

its two distinct fading parameters κ and µ while for a signal

with envelope R, the corresponding PDF is defined as [3]
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where r̂ is the root-mean-square (rms) value of R and Iv(x)
denotes the modified Bessel function of the first kind and order

v. Based on this, the corresponding instantaneous signal-to-

noise (SNR) PDF of κ−µ fading model is given by [2]
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where γ is the instantaneous SNR and γ = E(γ) is the average

SNR per symbol with E(·) denoting statistical expectation. In

terms of physical interpretation κ > 0 is the ratio of the total

power of the dominant components (d2) to the total power of

the scattered waves (2µσ2) whereas

µ =
[E(γ)]2(1 + 2κ)

V(γ)(1 + κ)2
(3)

is related to the multipath clustering, with 2σ2 denoting the

power of the scattered waves in each of the clusters and V (·)
representing statistical variance. It is noted that the κ-µ fading

model includes as special cases the widely known and utilized

Rayleigh, Rice and Nakagami-m fading models.

B. The Inverse Gamma Distribution

Consider a gamma random variable, X with shape param-

eter α and scale parameter b, where α > 0 and b > 0 and the

following probability density function

fX(x) =
b−α

Γ(α)
xα−1 exp

(

−x

b

)

(4)

where x > 0 and Γ(·) denotes the gamma function. It is noted

that the inverse gamma PDF is closely related to the PDF of

gamma distribution since it readily follows that when X ∼
Gamma(α, b), then 1/X ∼ Inv-Gamma(α, b−1). By letting

Ω = 1/X and β = b−1, the PDF of the inverse of the random

variable X can be expressed as follows [20]
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where ω > 0. In what follows, we exploit this straightforward

relationship between the two distributions along with the semi

heavy-tailed characteristics of the inverse gamma PDF to

accurately model the fading behavior of the mean signal power

in composite κ− µ shadowed fading channels.

C. The κ− µ / Inverse Gamma Distribution

The PDF of the received signal envelope in a κ−µ / inverse

gamma composite fading channel, R, can be obtained by the

superposition of the multipath distribution and shadowing dis-

tribution. This is mathematically represented by the averaging

of the conditional probability density of the κ − µ fading

process over the statistics of the random variation of the mean

signal power, Ω (where Ω = r̂2), namely

fR(r) =

∫ ∞

0

fR|Ω(r|ω)fΩ(ω)dω (6)

Based on this and by initially assuming that the mean signal

power is kept constant along with carrying out some basic

algebraic manipulations, the PDF of the proposed κ − µ
composite fading model can be expressed as follows:

fR|Ω(r|ω) =
2µ(1 + κ)

µ+1

2 rµ exp

(

−µ(1 + κ)
(

r√
ω

)2
)

κ
µ−1

2 exp (µκ)ω
µ+1

2

× Iµ−1

(

2µ
√

κ(1 + κ)

(

r√
ω

))

(7)

To this effect, the received signal envelope R is deduced by

substituting (5) and (7) into (6) which yields
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Notably, by also setting z = 1/ω, the resulting representation

can be expressed in exact closed-form as follows [21]

fR(r) =
2µµ(1 + κ)µr2µ−1

exp(µκ)(µ(1 + κ)r2 + β)α+µ

βα

B(α, µ)

× 1F1

(

α+ µ;µ;
µ2κ(1 + κ)r2

µ(1 + κ)r2 + β

) (9)

where B(·, ·) and 1F1(·; ·; ·) are the beta function and the

confluent hypergeometric function, respectively [21]. Using [3,

eq. (1)] and [4, eq. (2.3)] for the normalized envelope yields

fγ(γ) =
µµ(1 + κ)µβαγαγµ−1

B(α, µ)eµκ(µ(1 + κ)γ + βγ)α+µ
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(
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) (10)



Fig. 1. PDF of the κ−µ / inverse gamma composite fading model (continuous
lines) for special cases: κ−µ (circles), Nakagami-m (squares), Rice (triangles)
and Rayleigh (asterisks) PDFs.

To the best of the authors’ knowledge, the derived expres-

sions have not been previously reported in the open technical

literature. Furthermore, it is evident that their algebraic manip-

ulation is relatively tractable, which renders them convenient

to use both analytically and numerically. Furthermore, the

offered results possess all inherent advantages of the κ − µ
distribution and thus, it includes as special cases the Rice

(Nakagami-n), Nakagami-m and Rayleigh distributions. This

is also illustrated in Fig. 1, where it is shown that in the

absence of shadowing of the mean signal power (α → ∞), the

κ − µ / inverse gamma composite model coincides with the

conventional κ− µ fading model. Likewise, by setting µ = 1
and again letting α → ∞, the Rice PDF is deduced, where κ
becomes equivalent to the Rice K factor. Based on this, the

Rayleigh distribution can be readily deduced by additionally

setting κ = K = 0. Similarly, the Nakagami−m distribution

can be obtained by letting κ → 0 with the µ parameter becom-

ing equivalent to the m parameter of Nakagami-m distribution.

Moreover, the proposed model includes as special cases the

Nakagami-m / inverse gamma composite PDF (κ = 0), Rice /

inverse gamma composite PDF (µ = 1) and Rayleigh / inverse

gamma composite PDF (κ = 0 and µ = 1). Fig. 2 illustrates

the behavior of the κ − µ / inverse gamma PDF for various

values of κ, µ, α and β and it is noted that as α >> 0, the

mean signal power quickly becomes deterministic and thus,

the PDF in (9) coincides with the κ − µ PDF in [3] with

Ω = β/(α− 1).

III. A COMPARISON WITH FIELD MEASUREMENTS

This section is devoted to the application of the derived

analytic results in the context of body area networks. To this

end, the usefulness of the κ−µ / inverse gamma fading model

is demonstrated in modeling signal reception in body centric

communications channels which are known to be susceptible

to shadowed fading. As shown in Fig. 3, the measurements

Fig. 2. PDF of the κ−µ / inverse gamma composite fading model (continuous
lines) for various values of κ, µ, α and β. The circle symbols represent the
special case when the κ− µ / inverse gamma PDF degenerates to the κ− µ
PDF for large α.

Fig. 4. Empirical (symbols) and theoretical probability densities for the
LOS (continuous lines) and NLOS (dashed lines) measurements. The circle
and triangle symbols correspond to the empirical probability densities for the
LOS and NLOS movements respectively. All parameter estimates are given
in Table I.

were conducted at 5.8 GHz in an indoor open office area (red

rectangle: 10.62 m × 12.23 m) situated on the 1st floor of the

the Institute of Electronics, Communications and Information

Technology (ECIT) at Queen’s University Belfast in the United

Kingdom. Both the transmitter and receiver utilized identical

omnidirectional sleeve dipole antennas with +2.3 dBi gain

(Mobile Mark model PSKN3-24/55S). The transmitter was

positioned on the right wrist of an adult male of height 1.83

m and weight 73 kg, which is a possible location for a smart

watch, and configured to transmit a continuous wave signal

with an output power of +21 dBm. The receive antenna was



Fig. 3. Measurement environment, Open office area, red rectangle: 129.88 m2.

positioned on a non-conductive pole at a height of 1.10 m so

that it was vertically polarized. It was then attached using a

low-loss coaxial cable to port 1 of a Rohde & Schwarz ZVB-

8 vector network analyzer (VNA) which was pre-calibrated

and configured to record the b1 wave quantity with a sample

rate of 56 Hz. A pre-measurement calibration was conducted

to eliminate the effects of the power amplifier and cable loss

using a Rohde & Schwarz ZV-Z51 calibration unit.

In this context, four scenarios of interest were considered,

namely: walking movements in LOS and NLOS conditions,

where the test subject walked towards and then away from the

receiver in a straight line between 1 m point and 9 m point as

shown in Fig. 3; a rotational movement, where the test subject

rotated 360 degrees in a clockwise direction from LOS through

to the maximum shadowing condition before returning back to

LOS at a separation distance of 1 m from the receiver; random

movements, where the test subject walked randomly within a

circle area with a radius of 1 m at a distance of 9 m from the

receiver.

To abstract the shadowed fading signal for each movement

scenarios, the path loss based upon an estimate of the test

subject’s velocity and the corresponding elapsed time was

removed from the measurement data for both the LOS and

NLOS scenarios. On the contrary, the path loss effects were

ignored and the global mean signal power was removed from

the measurement data for rotational and random movement

scenarios as the test subject only moved over very small

distances. Parameter estimates for κ, µ, α and β of the κ−µ /

inverse gamma fading model were obtained using a non-linear

least squares routine programmed in MATLAB to fit (9) to

the field measurements. The smallest data set considered for

model fitting consisted of 1000 samples.

Figs 4 and 5 illustrate the PDFs of the κ−µ / inverse gamma

Fig. 5. Empirical (symbols) and theoretical probability densities for the
rotational (dashed lines) and random (continuous lines) measurements. The
triangle and circle symbols correspond to the empirical probability densities
for the rotational and random movements respectively. Also shown inset is
the estimated shadowing of the mean signal power. All parameter estimates
are given in Table I.

composite fading model fitted to the measurement data. It is

clearly noticed that the proposed composite model provides

an excellent fit to all sets of considered data. Furthermore, the

estimated shadowing of the corresponding mean signal power

is shown inset in Fig. 5. Significant shadowed fading of the

mean signal power was observed for both the rotation and

random movement scenarios. This is practically expected since

as the human body moves, it acts as a shadowing object in

the channel. For convenience, Table I provides the parameter



TABLE I
PARAMETER ESTIMATES FOR BOTH THE κ− µ / GAMMA COMPOSITE

FADING MODEL AND κ− µ / INVERSE GAMMA COMPOSITE FADING

MODEL FOR ALL OF THE MOVEMENT SCENARIOS

κ − µ / gamma PDF κ − µ / inverse gamma PDF

κ̂ µ̂ α̂ β̂ κ µ α β

LOS Walking 1.38 0.83 7.63 0.23 1.46 0.82 6.40 10.00

NLOS Walking 2.63 0.83 4.96 0.32 2.26 0.88 5.20 6.98

Rotation 0.01 1.08 1.96 1.16 0.01 0.96 2.17 3.28

Random 6.97 0.48 4.02 0.36 6.28 0.51 3.54 4.08

estimates for all considered scenarios to allow immediate

reproduction of the estimated probability densities.

In addition, the respective parameter estimates for the κ−µ
/ gamma fading model proposed in [11] were also produced

for comparative purposes. These are depicted in Table I and

are denoted as κ̂, µ̂, α̂ and β̂ to avoid any confusion with the

κ − µ / inverse gamma estimates. It is clear that there is no

substantial difference in the parameters of interest, i.e. κ, µ
and α, between the κ−µ / inverse gamma and κ−µ / gamma

fading models. Nevertheless, there is a distinct difference

between β parameter, which is due to the difference of the

two distributions. Because the κ, µ and α parameter estimates

are virtually identical across the κ − µ gamma and κ − µ
/ inverse gamma models, it is inferred that the latter can

be considered as an effective alternative tool to account for

such fading environments. Furthermore, this can be achieved

in a straightforward manner thanks to the particularly simple

algebraic representation of its PDF.

IV. CONCLUSION

In this paper we have proposed an alternative composite

model for characterizing fading channels which are susceptible

to shadowing of the mean signal power. In particular, this new

model considers a κ − µ signal envelope in which the mean

signal power follows an inverse gamma distribution. Novel

analytic expressions were derived for the probability density

function of this composite model which were subsequently

employed in the context of body centric communications. An

excellent agreement was shown between theoretical and mea-

surement results, which justifies the validity and usefulness of

the proposed composite fading model. As part of our future

work, we will seek to derive analytic expressions for other

performance measures, such as outage probability and ergodic

capacity.
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