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Abstract - Several frequency bands and system architectures are proposed for 5G and beyond to meet the
higher data rates for point-to-point communication and point-to-area coverage. In this paper, we present
radio propagation studies and models developed in typical scenarios for massive antenna deployment and
body area networks, in frequency bands below 6 GHz, building entry loss and clutter loss and vehicular
communication, in the millimeter wave bands, and models in the Terahertz for 5G and beyond.
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1. INTRODUCTION

The European Cooperation in Science and
Technology, (COST) action on inclusive
radiocommunication networks for 5G and beyond
(IRACON) aims to develop more accurate radio
channel models for inclusive deployment scenarios.
The particulars of millimeter wave propagation in
various frequency bands identified by the World
Radiocommunication Conference in 2015 (WRC15)
and massive multiple-input multiple-output (MIMO)
channels below 6 GHz are of immense interest to
achieve the anticipated higher data rates for future
radio networks.

Several research groups developed custom-
designed radio channel sounders, and performed
measurements to develop suitable models. In this
paper, radio propagation measurements and
models developed within the COST IRACON action
are presented. These include body area networks
(BAN), indoor and outdoor massive MIMO below 6
GHz, vehicle-to-vehicle channels for millimeter
wave and below 6 GHz, millimeter wave clutter loss
(CL), building entry loss (BEL) and terahertz (THz)
communication.

2. BODY AREA NETWORK CHANNEL
MODELS

In BAN communication scenarios, data are
exchanged with devices inside the human body, on
it, or in its close surroundings as in Fig. 1. One
distinguishes in, on, off and into-body channels,
considering whether communication takes place

inside the body, along its surface, involving an
external access point (AP), or traversing the
boundary between in and outside the body.

The COST IRACON empirical off-body channel
model is composed of a log-distance mean path loss
(MPL) and two fading components, as given in (1).
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Fig. 1 - BAN configurations

Lpl[dB] = Lo(do) + 10npl log(d/do) + ALZS + ALSS
(1)

where d is the distance between the transmitter (Tx)
and receiver (Rx), Ly(dy) is the MPL at the reference
distance dy (usually 1m), n, is the path-loss
exponent, AL;; and AL are the large and small-scale
fading components, represented by independent
random variables. Large-scale fading exhibits a log-
normal distribution, whereas small-scale fading
distributions include Rice, Nakagami-m, Rayleigh
and log-normal distributions. Model parameters at
2.45 GHz, obtained from several measurements are
summarized in Table 1, where pj,[4p (log-mean)
and ojpgp) (log-standard deviation) are the
parameters for the log-normal distribution, and
my, (shape) and Qp; (scale) are the Nakagami
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distribution parameters. For off-body propagation,
due to the inability to de-embed the antennas’
radiation patterns from measurements, the
measured loss corresponds to the system loss. The
model parameters represent a typical indoor office
environment [1-2], for static, quasi-dynamic
(mimicking walk in a given position) and dynamic
user scenarios (approaching and departing from the
AP), with both co- [2] and cross-polarized antennas
[1]- The table also gives the model parameters for
measurements inside a dome-shaped discotheque
within a ferry, with the user walking towards and
away from a fixed AP [3].

Table 1 - Summary of MPL and fading parameters for the off-
body channel at 2.45 GHz

Large-scale Small-scale
Env. Mean path loss fading fading

Lo(do)[dB]| npl |“Ln[dB]|0Ln[dB]| mnxk€ | Quk€E
Office | 32.0-50.0 |1.71 0 1.2-3.0 |0.9-19.5| 1.0-2.0
Ferry | 25.2-64.7 |1.69 0 1.7-6.5 | 0.8-1.5 | 1.5-2.1

Two variants of the MPL model are proposed for in
and into-body channels: a log-distance model (2)
and a linear model (3), i.e.

Lpitas] = Lo,a(do) + 10ay,, log(d/dy) (2)
Lpl[dB] = LO,,B(dO) + 1Oﬁpl[dB/cm]d[(:m] 3)

where d is the Tx-Rx distance, Lg 4/3(d)) is the MPL
at the reference distance dg usually taken at 1 cm,
and ay,; and B, are slopes of the MPL models.

The in-body channel corresponds to links
established between two implants (inZin). Into-
body covers implants, e.g. an ingested capsule
streaming video to a receiver placed on the patient’s
body (inZ2on) or off-body next to it (in2off). Table 2

summarizes the model parameters for two channels:

between two implants (in2in) and in to off-body
(inZoff), and for in to on-body (inZon) for the
3.1 -5 GHz band. The path-loss standard deviation
around the MPL (o), and applicable distances (d)
are also provided.

Table 2 - Summary of the MPL model parameters for in2in,
in2on, and in2off-body channels at 3.1-8.5 GHz

Lo,a(do) | apt |Lo,g(do)| Bpl | o d

Ch.
dB dB |dB/cm| dB | cm
inZ2in - - 45 4.6 43 | 3-8
in2off | 70.4-71.5 |0.7-1.4 - - - 4-50

inZon | -12.2-35.8 |5.8-9.3|14.8-53.4| 4.5-7.4 |5-5.7| 2.8-8
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The parameters were derived from full-wave
numerical simulations, and from wideband
measurements using physical liquid phantoms with
one antenna fixed at 3.5 cm from the phantom’s
surface while the other was moved in the air over a
spatial grid [4], or in vivo. The in to off-body channel
was parameterized based on in vivo and phantom-
based measurements [5].

3. MASSIVE MIMO BELOW 6 GHz

The COST 2100 MIMO channel model [6] is a
spatially consistent geometry based stochastic
channel model (GSCM) that uses the concepts of
clusters and visibility regions. In COST IRACON the
extension of the model to massive MIMO channels
[7] includes: 1) introduction of the visibility regions
at the base station, 2) introduction of a gain function
of individual multipath components MPCs, and 3)
generalization to full 3D geometries. A MATLAB
implementation is freely available [8].

The visibility regions at the base station is
motivated by the fact that when the antenna array
gets physically larger, the radio channel cannot be
seen as wide-sense stationary (WSS) over the array,
clusters appear and disappear, which means that
both the angular spread and the delay spread
change over the array. This effect is not captured by
conventional MIMO channel models.

Measurements in [9] indicate that individual
multipath components (MPCs) have a limited
lifetime within the cluster when the user equipment
moves with different MPCs of a cluster active at
different locations within a visibility region. This is
modeled by a gain function, with a Gaussian shape
in the spatial domain with its peak randomly
located within the cluster for each MPC. These gain
functions act as weighting functions for the MPCs so
that depending on where the user equipment is
located in the visibility region it sees different
weighted combinations. This retains the spatial
consistency of the model, which is also important
when the model is used for more advanced forms of
radio-based localization and navigation.

The generalization to 3D geometries and support of
polarimetric channels allow for advanced antenna
arrangements to be used for massive MIMO. The
base stations, individual antenna locations, user
equipment, scatterer locations, and visibility
regions can all be described by their 3D coordinates.
Antenna gain patterns are included for each
antenna. The COST family of channel models
inherently captures spherical wave front effects as



scatterer locations are defined by their coordinates
in the simulation area rather than their directions
with respect to the base station and user equipment
antennas. As the model output is the transfer
function matrix between the base station antenna
array and the antennas of the user equipment, any
kind of digital, hybrid or analog beamforming is
supported.

Massive MIMO extensions: Visibility regions are
used at the base station to model the appearance
and disappearance of clusters along a physically
large array as a death-birth process along the array.
The appearance/disappearance of new clusters are
modeled by a Poisson process along the array with
intensity 4 new clusters per meter. The number of
observed base station visibility regions for an array
spanning the interval x; to x, is given by (4):

N(x1,x3) € Po{A(x; — x;1) + AE(Y)} (4

where E(Y) is the scenario dependent mean length
of the visibility area at the base station [7]. Fig. 2
shows a measurement example with a 7.5m
uniform linear array in a line-of-sight (LOS)
scenario at 2.6 GHz. Over the whole array the
median value of clusters is 23, but not all of them
are visible at the same spot of the array. Six clusters
can (in the median) be seen over the whole array,
and 17 clusters at some parts.
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Fig. 2 - Visibility regions over a large array. N(x1,x2) is the

number of observed visibility regions (or clusters), Nnew is

the number of appearing visibility regions and Nalive is the
number of already existing visibility regions.

The gain function describes the appearance and
disappearance of individual multipath components.
The lifetime, or the length of the spatial region
within the visibility region where a MPC has a
significant contribution, is a random parameter
determining the radius of the MPC visibility region
and the corresponding width of the gain function.
Fig. 3 shows an example of MPC lifetime from a LOS
measurement in an indoor sports hall [9]. Many of
the MPCs have relatively short lifetimes with a few
MPCs observed over the whole route of the user.
These sports hall measurements show that MPC
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lifetimes are best described by a log-normal
distribution for the radii of the MPC visibility
regions. For a smooth onset of the activation of a
specific MPC the relative contribution of each MPC
is modeled by a gain function, with a Gaussian
profile as in (4) which multiplies the complex
amplitude of each MPC. Thus, the weight of a
particular MPC depends on the Euclidean distance
between the user equipment position rys and the
center of the [-th MPC visibility.

Distance [m]

0 1500 3000 4500 6000
Time n

Fig. 3 - The distance on the y-axis is the propagation distance
for the MPCs, whereas the time on the x-axis indicates the
different channel snapshots.

The lifetime of the MPC, determined by the width of
the Gaussian profile, is controlled by ag,; and is
modeled as a log-normal parameter as in (5) [7].

Impei(rus) = exp(—d(rus —1,)°/262)  (5)

The COST IRACON massive MIMO extension is
parameterized and  validated based on
measurements for physically large outdoor arrays
at 2.6 GHz in LOS and non-LOS (NLOS), and with
indoor and outdoor measurements for closely
located users at 2.6 GHz. A detailed model
description can be found in [7].

4. VEHICLE TO VEHICLE

In this section, we analyze the radio channel for
vehicle-to-vehicle (V2V) communication from the
sub-6 GHz to the mm-wave band. We investigate the
challenging cases of propagation characteristicsina
transition from LOS to NLOS in a corner scenario
and an urban crossroad.

4.1 Corner scenario at mm-waves

Here we focus on the effect of the transition from
LOS to NLOS in a corner scenario. Simultaneous
measurements at 30 GHz, 60 GHz and 6.75 GHz
were conducted using the multiband approach in
[10]. To emulate the transition of (V2V)
communication from LOS to obstructed line of sight



(OLOS) to NLOS when the Rx turns around the
corner, the Tx was fixed, while the Rx was moved to
different locations as in Fig. 4. The antennas were
placed at a typical height of a vehicle at 1.55 m and
both the Tx and Rx antennas with 30° HPBW were
rotated with 30° to scan the complete azimuth
domain at 0° elevation to synthesize the
omnidirectional power delay profile (PDP), as in
Fig. 5. Five Rx positions were measured to show the
transition from LOS to being obstructed by the
vegetation in the corner and then being blocked by
Building B. Position 1 was measured twice: Position
la without parked vehicles in the scenario (blue
bullets), and Position 1b with parked vehicles in the
surrounding area. The resulting total link budget is
shown in Fig. 6, where there is a total maximum loss
(path loss plus obstruction loss) of approximately
17 dB at 60 GHz.

Fig. 4 - Measurement set-up in the corner scenario
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Fig. 5 - Synthetic omnidirectional PDP for position 1b
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4.2 Urban intersections

To develop next generation wireless systems for
vehicles, detailed propagation models are needed.
Particularly, there is a need for a spatially consistent
model that can reflect the non-stationarities of the
vehicular channel and that can support multi-
antenna configurations at both ends, either for
beamforming purposes, or for spatial multiplexing,
or just for diversity. Previously, member
institutions of the COST 2100 and IC1004 actions
have derived a GSCM for V2V communication in
highway scenarios and a non-stationary model for
vehicular communication, but a detailed
measurement-based propagation model supporting
multiple antenna configurations with realistic
spatio-temporal characteristics in  urban
intersections has been lacking until now.

The COST IRACON channel model for urban
intersections [11] is a GSCM based on a street
geometry defined by a map. It can thus represent
typical intersection scenarios or specific
intersections. Specular scatterers are randomly
dropped, with a given density (number of specular
scatterers per unit area), in the simulation area in
bands along the walls according to the geometry of
the intersection. These scatterers are then labeled
as first, second and third order reflection points.
Similarly, diffuse scatterers are also randomly
placed along with the walls, but in wider bands. For
simulations of specific intersections, especially for
simulations of wider or more open intersections,
scatterers can also be dropped in areas that are not
aligned with the walls. These scatterers typically
represent contributions from lamp posts or larger
street signs, which typically can be observed in
measurements. Table 3 summarizes the intensity, y,
of different types of scatterers as well as the width,
W, of the bands of scatterers along the walls.

Table 3 - Intensity and width of the bands for random
scatterer drop for the different types of MPCs

Type Order | x (m-2) W (m)
Wall 1st 0.044 3
Wall 2nd 0.044 3
Wall 3rd 0.044 3
Non-wall 1st 0.034 User defined
Diffuse, wall 1st 0.61 12
Diffuse, non-wall 1st 0.61 User defined




Fig. 7 shows an example of a drop of scatterers from
areal intersection in Berlin, Germany. Here, the blue,
red, yellow and gray dots represent first-, second-,
third-order and diffuse scatterers, respectively.
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Fig. 7 - Example of scatterers dropped in a simulation area.
Colored dots are specular components, grey dots represent
diffuse scattering.

Once the scatterers are dropped in the simulation
area the contribution of each scatterer to the
impulse response is determined by expressions for:
1) distance dependence, 2) losses due to
interactions with scattering objects, 3) obstructions
by buildings, foliage and other objects, 4) diffraction
around corners, 5) angular dependence of the
scattering interaction, and 6) random, but spatially
correlated, large-scale fading.

The transfer function of the channel between any
two antennas are calculated as a superposition of all
power weighted contributions from the scatterers
as in (6):

H(f' t) = Zlei gle_jznleGTx (QTx)GRx(QRx) (6)

where G is the complex antenna amplitude gain in
direction (), g; is the complex amplitude of path [, L
is the total number of paths, f is the frequency, and
7, is the propagation delay, 7; = d;/c. For each MPC
the average path power gain is modeled as in (7):

2
g(d)z — (gogdagb) 10—Lp/10 (7)

where d is the path propagation distance and g3 is
the path power gain at a reference distance of 1 m.
The term g2 describes the path angular power gain,
which is a function of the incoming and outgoing
angles for each scatterer, and g2 is a gain describing
the effects of obstruction and blockage by buildings.
Each multipath component then undergoes
spatially correlated Gamma distributed large-scale
fading (with parameters k and 6) so that the
instantaneous amplitude of each MPC varies around
the mean according to a Nakagami distribution. The
autocorrelation of the fading process is described
by a conventional Gudmundson model [12] with
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coherence distance d.. Table 4 summarizes the
path gain parameters for the different contributions,
where Gy = 201log(g0)-

The model was parameterized and verified against
measurements in various types of street
intersections in Berlin, Germany. Fig. 8 shows an
example of simulated and measured impulse
responses from the intersection outlined in Fig. 7.
The y-axis shows the measurement time and the x-
axis shows the propagation distance of the
multipath components. The measurements are
performed with an ultra-wideband channel
sounder at a center frequency of 5.7 GHz with a
bandwidth of 1 GHz. The white stripes in the left
plot are due to the data storage process where no
measurements could be taken.

As seen in the figure there is a very good
correspondence between the outputs of the channel
model and the real-life measurements. Some
detailed behavior differs, but the overall structure
of the channel evolution and variation of the
impulse response is well captured by the GSCM.

Table 4 - Path gain parameters for the different multipath

contributions
Type | Order GO (dB) dc (m) k(-) (0()
Wall 1st U(-65,-48) | U(1,2) | U(2,8) | 1/k
Wall 2nd U(-70,-59) | U(0,1.5) | U(1,6) | 1/k
Wall 3rd U(-75,-65) | U(0,1) | U(1,4) | 1/k
Non- wall| 1st U(-68,-52) | U(0,1) | U(1,6) | 1/k
Diff. 1st U(-80,-68) | U(0,1) | U(1,1) | 1/k
Measurement Simulation

0 50 100 150 200 0 50 100 150 200
Prop. dist. (m) Prop. dist. (m)

Fig. 8 - Measured and simulated impulse responses over time
in the intersection in Fig. 7. The white stripes are due to data
download, with no measurements.

5. BUILDING ENTRY LOSS AND CLUTTER
LOSS AT 26 GHz

Currently there are two separate ITU-R P-series
Recommendations on building entry loss (BEL),
ITU-R P.2109-0 and clutter loss (CL) ITU-R
P.2108-0. In sharing studies, BEL and CL are treated
as multiplicative where the overall excess path loss
is the sum in dB of the individual losses. To assess



this approach, separate BEL and CL measurements
were performed using the multiband, wideband
channel sounder of Durham University operating
between 25.5-28.5 GHz [13], at JRC site in Ispra,
[taly, and the results compared with combined CL
and BEL measurements. The site has 2 or 3 story
buildings having an average building height of 12 m,
parking zones, green areas, squares and office
centers. The transmitter was mounted on a cherry
picker at 25 m height in location Tx1 for clutter loss
and combined CL and BEL. For BEL measurements,
itwas mounted at 7 m heightin location TxZ (Fig. 9).
The receiver was placed on a trolley at 1.5 m height
above ground level for all measurement scenarios.

For CL, data were collected outside the building as
indicated by the route RX OUT every 1 m, and then
inside the building for combined CL and BEL, in offices
and in the corridors closest to the illuminated facade
of the building. For BEL, measurements were taken
outside the building and inside the building for Tx2
position. In all scenarios, the equivalent isotropic
radiated power (EIRP) was 48 dBm and the antenna
beam width was 20°. The receive antenna was
omnidirectional in all the measurements except for
the combined clutter and building entry loss
measurements. Fig.10 shows examples of PDPs
collected in the clutter scenario. Accurate position
information with centimeter-level accuracy was
obtained using a total station (Leica PTS1200) and
GNSS data. The PDPs were used to estimate the
received power, and then to estimate BEL and CL
according to ITU recommended procedures.

Fig. 9 - Measurement scenario
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Fig. 10 - PDP in clutter
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Fig. 11 shows the CDF for BEL from TxI and TxZ2,
with median values equal to 44.03 dB and 45.8 dB
The results show that the difference in the median
value of BEL between the two methods is ~1.8 dB,
which indicates that either method can be used for
estimating the median value of BEL. BEL exhibited
higher loss than clutter loss above the median value
due to measurements taken on the higher floors.
The CDF of the clutter loss was also estimated with
a median loss value of 18 dB.

BEL combined floors

Fig. 11 - CDF of BEL from Tx1 and Tx2

6. CHANNEL MODELING FOR THz
COMMUNICATION

Wireless communication in the lower THz
frequency band from around 300 GHz has become
of interest for the community in the last couple of
years with the realization of several hardware
demonstrations, leading into the development of
the first IEEE standard [14]. At WRC 2019 the
frequency range 275-450 GHz and its usage for THz
communication is subject to agenda item 1.15. From
the propagation point of view in this frequency
range a couple of phenomena are different from
those at the lower frequency bands. Therefore, we
focus on these effects and phenomena taking the
following three environments into account and
provide a short description of the state of the art:
atmospheric effects for outdoor scenarios, the
specific effects of scattering and reflections in
indoor environments and the specific phenomena
for close proximity communication.

6.1 Atmospheric effects for outdoor
applications

At 300 GHz and beyond atmospheric effects play a
major role especially if the distance between the
transmitter and receiver exceeds a few meters. In
this case three relevant propagation mechanisms
are contributing [15]: atmospheric gas attenuation,
cloud and fog attenuation, and rain attenuation. The
overall path loss at a distance d and a carrier
frequency f can be modeled as in (8):



L[dB] =924+ 20 lOg(d[km]) + 20 log(f[GHz]) +
(Yo + Yw +Vr + ¥)dkm) (8

where, y,: represents specific attenuation due to
dry air, y,,: specific attenuation due to water vapour,
yg: specific attenuation due to rain, and y,: specific
attenuation due to fog and clouds.

Methods for the calculation of specific attenuations
can be found in three ITU-R Recommendations:
ITU-R P.676-11 on attenuation by atmospheric
gases and related effects, ITU-R P.838-3 on specific
attenuation model for rain for use in prediction
methods and ITU-R P.840-6 on measurements of
ionospheric and related characteristics. Exemplary
results of the total specific attenuation at 300 GHz
for different regions in the world with various
weather conditions [15-16] are presented in
Table 5 using (8) and the ITU-R Recommendations.
Ray-optical modeling in indoor environments

For propagation modeling in indoor environments
at THz frequencies ray-optical approaches show
reasonably good agreement with channel
measurements [17]. While such ray-optical
approaches are known from lower frequencies, the
electromagnetic modeling of the scattering and
reflection processes is different at THz frequencies
due to the small wavelength, which becomes less
than 1 mm at carrier frequencies beyond 300 GHz.
Therefore, structures on the order of a wavelength
have to be taken into account. These include: (1)
diffuse scattering off the specular direction from
walls and objects with a surface roughness of less
than 1 mm (i.e. standard deviation of the height
variation). This was shown by THz time-domain
spectroscopy and simulations using modified
reflections coefficients [18]. Although the diffuse
scattering field may be weak in comparison to the
specular direction, it is still high enough to enable
NLOS links over short distances; (2) layered media
with layer thickness on the order of a wavelength
may cause multiple reflections causing destructive
interference if the reflected waves are at discrete
scattering angles [19]. Recent channel sounder
measurements in a real data center at 300 GHz [20]
with a great deal of highly reflective materials have
shown, that despite the high path loss significant
multipath propagation can be observed.
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Table 5 - Total specific attenuation in dB/km at 300 GHz

s Atten.
Descriptionin [14, 15, 16]. dB/km
Bangkok, temp. 35°C, relative humidity 90%, no rain | 32.1
Bangkok, temp. 35°C, relative humidity 90%, , rain 511
(50 mm/h) )
Basra, temp. 43°C, relative humidity 30%, dust (10 m
S 27.8
visibility)
Berkeley, temp. 20°C, relative humidity 60%, fog 95
(100m visibility) )
Bellingham, temp. 22°C, relative humidity 50%, rain
10.5
(4mm/h)
Boulder, temp. 20°C, relative humidity 44% 5.8
Buffalo, temp. -10°C, relative humidity 30% 0.4
Boulder, with clouds (100m of large cumulus 44.7
clouds), temp. 20°C, relative humidity 44% )

6.2 Models for close-proximity
communications.

The transmission with ultra-high data rates of very
short distances, the so-called -close-proximity
communication, has recently drawn some
attraction involving propagation phenomena,
which are specific to such environments: (1) in the
so-called kiosk downloading applications multiple
bouncing signals between the metallic parts of the
set-up are casing a high degree of inter-symbol
interference which needs to be taken into account
in link-level simulations for the design and
standardization of new systems. For these
simulations, typically stochastic channel models are
applied [21]; (2) in intra-device applications
wireless transmission is realized for example
between mother boards of computers or between a
sensor and a memory card inside a camera. In these
cases the modeling of reflection and scattering
processes in metallic enclosures [22] and at printed
circuit boards (PCB) are of interest [23]

7. CONCLUSION

In this paper, propagation models and
measurements for typical environments for 5G and
beyond have been presented. Below 6 GHz
frequency bands have been investigated for
massive MIMO and vehicular propagation,
extending the COST 2100 model to cover these new
applications. Vehicular communication in a corner
scenario and a crossroad below 6 GHz and in the
millimeter wave bands have been modeled from
measurements and simulations. Path-loss models
for body area networks for short-range in-body and
in-body-to-off-body scenarios, as well as in office
and ferry environments are discussed. The impact



of clutter and building entry loss on millimeter
wave propagation have been presented from
measurements at 26 GHz and the method proposed
by ITU-R Recommendations for combining the two
losses was confirmed for the median value of
building entry loss. THz propagation typical loss
parameters are given. Although these high
frequency bands are currently considered for short-
range applications such as data centers, recently
they have been proposed for car-to-X
communications and in intelligent transportation
systems where in railway environments various
different propagation scenarios have been already
identified for smart rail applications.
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