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Abstract—The fifth generation (5G) mobile communication
systems will be in use around 2020. The aim of 5G systems
is to provide anywhere and anytime connectivity for anyone
and anything. Several new technologies are being researched
for 5G systems, such as massive multiple-input multiple-output
(MIMO) communications, vehicle-to-vehicle (V2V) communica-
tions, high-speed train (HST) communications, and millimeter
wave (mmWave) communications. Each of these technologies
introduces new propagation properties and sets specific require-
ments on 5G channel modeling. Considering the fact that channel
models are indispensable for system design and performance e-
valuation, accurate and efficient channel models covering various
5G technologies and scenarios are urgently needed. This paper
first summarizes the requirements of the SG channel modeling,
and then provides an extensive review of the recent channel
measurements and models. Finally, future research directions for
channel measurements and modeling are provided.

Index Terms—S5G communication systems, channel modeling
requirements, channel measurements, channel models, statistical
properties.

I. INTRODUCTION

The fifth generation (5G) systems will enable people to
access and share information in a wide range of scenarios with
extremely low latency and very high data rate [1]. It should
achieve 1000 times the system capacity, 100 times the data
rate, 3-5 times the spectral efficiency, and 10—100 times the
energy efficiency with respect to the current fourth generation
(4G) systems [2], [3]. One of the most promising technologies
in 5G systems is millimeter wave (mmWave) communication
[4]. Benefiting from the very large bandwidth, mmWave
communication is able to provide a data rate of several gigabits
per second with ease. Higher frequency propagation introduces
severe path loss. However, if we consider small cells with
radii of 100-200 m, the mmWave communication can achieve
satisfactory performance [5]. Another approach to overcome
high path loss is beamforming, which can be achieved through
combining with massive multiple-input multiple-output (MI-
MO) technologies. A high-gain steerable antenna array is able
to transmit or receive signals in specific directions, getting
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around obstructions, and compensating for severe path loss
[6]. Besides, massive MIMO can greatly increase the capacity
and reliability of the system with respect to the conventional
MIMO [7], [8].

The 5G systems are assumed to provide seamless coverage
and high-quality connectivity between various devices and
behave well under diverse network topologies, such as multi-
hop networks, moving networks, device-to-device/vehicle-to-
vehicle (D2D/V2V) communications, etc. Furthermore, 5G
systems should be adapted to a wide range of scenarios, such
as indoor, urban, suburban, rural area, etc. All the above-
mentioned technologies set new requirements for 5G channel
modeling, which are summarized as follows:

1) Wide Frequency Range: A new 5G channel model
should support a wide frequency range, e.g., 350 MHz to
100 GHz. The model at higher frequency bands, e.g., above
6 GHz, should maintain compatibility with the model at lower
frequency bands, e.g., below 6 GHz.

2) Broad Bandwidths: A new 5G channel model should
have the ability to support large channel bandwidths, e.g.,
500 MHz to 4 GHz.

3) Wide Range of Scenarios: A new 5G channel model
should be able to support a wide range of scenarios such as
indoor, urban, suburban, rural area, high-speed train (HST)
scenarios, etc.

4) Double-Directional Three-Dimensional (3D) Modeling:
A new 5G channel model should provide full 3D modeling,
including accurate 3D antenna modeling and 3D propagation
modeling.

5) Smooth Time Evolution: A new 5G channel model has to
evolve smoothly over time, involving parameters drifting and
cluster fading in and fading out, which are important to support
mobility and beam tracking for 5G communications [9].

6) Spatial Consistency: Spatial consistency means two
closely located transmitters or receivers should have simi-
lar channel characteristics. Channel states including large-
scale parameters (LSPs), small-scale parameters (SSPs), line-
of-sight/non line-of-sight (LoS/NLoS) condition, and in-
door/outdoor state should vary in a continuous and realistic
manner as a function of position [10].

7) Frequency Dependency and Frequency Consistency.: The
parameters and statistics of a new 5G channel model should
vary smoothly with the frequency. Channel parameters and
statistics at adjacent frequencies should have strong correla-
tions.

8) Massive MIMO: A new 5G channel model must sup-
port massive MIMO, i.e., spherical wavefront and array non-
stationarity have to be properly modeled [10].

— Spherical wavefront: In massive MIMO systems, the
distance between the transceiver and cluster could be less than
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the Rayleigh distance. Therefore, spherical wavefront instead
of plane wavefront must be considered.

— Array non-stationarity: Array non-stationarity refers
to the fact that clusters may appear or disappear from the
viewpoint of one antenna element to the next one, which
means different antenna elements could see different cluster
sets. It also means parameters, such as power and delay drift,
over different antenna elements.

9) Direct D2D/V2V: In D2D/V2V scenarios, both the trans-
mitter and receiver are equipped with lower antennas and
may interact with a large number of scatterers. D2D/V2V
channel models have to take into account the mobility of both
ends, which significantly increases the modeling complexity.
The relative speed between the two ends and fast-changing
environments introduce extra Doppler frequency shift and
result in serious non-stationary channels [11], [12]. All of these
make the D2D/V2V channels differ greatly from conventional
cellular channels.

10) High Mobility: A new 5G channel model should sup-
port high mobility scenarios, such as HST scenario with the
speed of the train even over 500 km/h. The model should be
able to capture certain characteristics of high mobility chan-
nels, such as large Doppler frequency and non-stationarity.
Furthermore, the channel model has to work reliably in various
HST scenarios, including open space, viaduct, cutting, hilly
terrain, tunnel, station scenarios, etc.

Although there are a large number of papers on 5G chan-
nel measurements and models, the number of tutorial/survey
papers on 5G channel measurements and models is very
limited. Besides, most of them concentrated on certain top-
ics, e.g., [13] and [14] for massive MIMO communication
scenarios, [15]—-[17] for V2V communication scenarios, [18]
and [19] for HST communication scenarios, [5] and [20] for
mmWave communication scenarios. All the above-mentioned
papers cannot completely clarify the 5G channel modeling
requirements. To the best of the authors’ knowledge, a survey
paper for 5G channel measurements and models covering
various 5G technologies/scenarios and presenting the latest
channel models of different standardization organizations is
still missing. This paper aims to fill this gap. The major
contributions of this paper are summarized as follows:

1) The requirements for 5G channel modeling are high-
lighted. The most important channel measurements are
reviewed in terms of different scenarios (applications and
frequency bands). New propagation characteristics are
introduced and their underlying propagation mechanisms
are discussed.

2) The scenario-specific 5G channel models are presented.
For each scenario, the state-of-the-art modeling approach-
es are introduced and compared in a comprehensive
manner.

3) General 5G channel models covering more scenarios and
proposed by different organizations are presented. The
pros and cons of each general models are discussed. A
comprehensive comparison of those models is proposed.

4) Future research directions for 5G and beyond 5G (B5G)
channel measurements and modeling are outlined.
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Fig. 1. APSs over the array in the LoS case [21].

The rest of this paper is organized as follows. In Section II,
an overview of 5G channel measurements and propagation
properties is presented. Existing 5G channel models for
various scenarios are provided in Section III. General 5G
channel models covering more scenarios are introduced in
Section IV. Future research directions for 5G and B5G channel
measurements and models are outlined in Section V. Finally,
conclusions are drawn in Section VI.

II. 5G CHANNEL MEASUREMENTS

In this section, we will briefly review several representative
channel measurements in the light of different 5G com-
munication technologies. New propagation properties caused
by 5G communication technologies in different propagation
environments were reported in the following measurement
campaigns and should be considered carefully in 5G channel
modeling.

A. Massive MIMO Channel Measurements

In massive MIMO communication systems, hundreds or
even thousands of antennas are equipped at one end or both
ends. A large number of antennas make the massive MIMO
channels exhibit non-stationary properties across the array,
which are distinctly different from the case of conventional
MIMO channels [13]. In [21], channel measurements were
conducted at 2.6 GHz with a bandwidth of 50 MHz and a
virtual 128-element linear array was used at the base station
(BS). Significant variations of the channel gain, K-factor, and
angular power spectrum (APS) over the linear array were
observed. As shown in Fig. 1, the angle of arrival (AoA) of the
LoS path gradually shifts from 100° to 80° across the 7.3 m
linear array, which indicates that the plane wave assumption
or far-field assumption is not valid in massive MIMO systems.
Furthermore, measurement results show that the clusters in the
propagation environment can appear and disappear along the
array. Some clusters are visible over the whole array, while
other clusters can only be seen by part of the array. Besides
the linear array, other forms of large antenna array were also
reported in massive MIMO channel measurements. In [22],
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measurements were conducted at 15 GHz with a bandwidth of
4 GHz. A virtual 40x40 (1600 elements) planar antenna array
was used and divided into several 7x7 sub-arrays in order
to investigate the non-stationary behaviors of massive MIMO
channels over the array. Measurements show that the K -factor,
delay spread, azimuth angular spread of arrival (AASA), and
elevation angular spread of arrival (EASA) vary in blocks
with clear borders over the array plane. The birth and death
behavior of clusters across the array aperture can also be
observed. Recently, massive MIMO channel measurements
in an indoor office environment at 11, 16, 28, and 38 GHz
bands were conducted [23]. The measurements were carried
out using a vector network analyzer (VNA) and a large virtual
uniform rectangular array (URA). The element spacing was set
to half-wavelength and the total numbers of array elements for
the four mmWave bands were 51x51, 76x76, 91x91, and
121x121. The multipath component (MPC) parameters were
extracted using the space-alternating generalized expectation-
maximization (SAGE) algorithm. Massive MIMO propagation
properties including spherical wavefront, cluster appearance
and disappearance, and parameters drifting over the array were
verified and analyzed.

Apart from the channel non-stationarity over the antenna
array, some measurements investigated the impacts of array
structures on the massive MIMO system performance. Mea-
surements in [24] and [25] were performed in a campus at
2.6 GHz with a bandwidth of 50 MHz. A virtual uniform linear
array (ULA) and a uniform cylindrical array (UCA) were
used in those measurements. Both the ULA and UCA contain
128 antenna elements with an element spacing of a half-
wavelength. The antennas of the ULA are spread along a line
of 7.3 m. The antennas of the UCA are distributed in a cylinder
with both diameter and height of about 30 cm. The authors
found that channels using ULA exhibit more significant array
non-stationarity and better user decorrelation, and can achieve
higher sum-rate capacities compared to the channels using
UCA. Besides, the massive MIMO channels in both cases have
better spatial separation, user channel orthogonality, and chan-
nel stability than conventional MIMO channels. Furthermore,
measurement results show that channels in NLoS conditions
with rich scattering exhibit better spatial separation and user
channel orthogonality compared to channels in LoS cases.
In [26], measurements were performed in an indoor canteen
environment at 5.8 GHz with 100 MHz bandwidth. A total
of 64 antennas were used and rearranged into 3 different
array shapes, i.e., a square compact two-dimensional (2D)
rectangular array of 25 cm <28 cm, a large aperture linear array
of 2 m long, and a very large aperture linear array of 6 m long.
Measurement results illustrate that the array with the largest
aperture (dimension) provides the best user orthogonality and
achieves the best performance close to that of the independent
and identically distributed (i.i.d.) channel. Significant power
variations across arrays were observed and the linear array
with the largest aperture shows the largest power variations.
Note that for the compact 2D array, power variations of more
than 10 dB were even observed. Compared to the UCA and
rectangular array, the larger aperture size of ULA brings some
advantages such as better spatial separation and batter user

orthogonality. However, the ULA only has angular resolution
in one dimension. The UCA and rectangular array can resolve
waves in two dimensions. Besides, from a practical point of
view, antenna arrays with smaller sizes are easier to deploy.

B. V2V Channel Measurements

A series of V2V channel measurements have been per-
formed in various scenarios, such as open highway [27],
suburban [28], campus [29], crossroad [30], etc. Measurement
results show that fading amplitudes of V2V channels are
best fitted with the Nakagami distribution. When vehicles
move within a short distance, fading amplitudes tend to be
Rician distributed due to the strong LoS path. When the
distance between the two vehicles increases, the LoS path
becomes weaker and fading amplitudes tend to be Rayleigh
distributed. However, the measurements in [31] performed
in highways and cities indicated that fading amplitudes of
V2V channels are better fitted with the Weibull distribution
than the Nakagami distribution. Measurements in [32] found
that fading amplitudes are best fitted by both the Nakagami
and Weibull distributions. Besides, delay spread, as one of
the key parameters, describes the spread of the delay around
the mean delay and indicates the multipath richness of the
channel. Depending on different propagation scenarios and
traffic volumes, the root-mean-square (RMS) delay spread of
V2V channels ranges from about several tens of nanoseconds
to several hundreds of nanoseconds [11], [33]. References [27]
and [34] indicate that the RMS delay spread can be fitted
by the log-normal distribution. Perhaps the biggest difference
between V2V channels and conventional cellular channels is
the Doppler spread. V2V channels often have large Doppler
spread due to the fast-changing environments and high relative
speed between the transmitter and receiver. Measurements
in [16] and [33] show that the mean Doppler spreads of
most V2V channels are in the order of 100-300 Hz when
vehicles move at speeds between 50-80 km/h and measure-
ments conducted with a center frequency of 5.9 GHz. With
the same center frequency and vehicle speeds, large Doppler
shifts up to 1100 Hz or higher resulting from reflections off
the approaching vehicles were reported in [11]. V2V channel
measurements in [35], which were conducted in a traffic
congestion situation and under NLoS conditions, found that
traffic signs, trucks, and bridges instead of other cars contribute
to the most of the multipath propagation.

Most V2V channels can be considered as non-stationary due
to the fast changes of propagation environments. V2V channel
measurements in [33] were performed in urban and suburban
scenarios and found that both the RMS delay spread and
RMS Doppler spread are time-varying and frequency-varying.
In [35], a non-stationary V2V channel was characterized
by its time-varying power delay profile (PDP) and time-
varying Doppler power spectrum density (PSD). Authors in
[31] indicated that a MPC may exist in a short duration, i.e.,
appears, remains for a certain time span, and then disappears,
which can be generated by a reflector/scatterer, such as a
large moving truck. The random on/off behavior of MPCs can
be modeled by a “persistence process”. Through evaluations
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of a wide range of V2V channel measurements, authors in
[36] proved that the fading processes of V2V channels are
neither wide-sense stationary (WSS) nor uncorrelated scat-
tering (US). Authors in [37] investigated the non-stationarity
of V2V channels using a metric called correlation matrix
distance (CMD), which is defined as the distance between
channel correlation matrices at different times. In [32], a
similar method was used in order to investigate the non-
stationarity of V2V channels in campus, highway, urban,
and suburban scenarios. Authors found that different taps of
V2V channels have different stationary distances (maximum
distance over which the CMD exceeds a certain threshold) due
to the appearance and disappearance of MPCs. The median
stationarity distance was estimated in the range of 15-40 m
when the cars move in the same direction with a speed of
5-15 km/h.

C. HST Channel Measurements

In order to investigate the HST channel characteristics, a
series of HST channel measurements have been conducted, in-
cluding measurements at 2 GHz with speeds of 220-270 km/h
between Beijing and Shanghai in China [38], measurements at
930 MHz with speeds of 200-350 km/h between Zhengzhou
and Xian in China [39]-[46], measurements at 2.4 GHz with
a speed of 295 km/h between Guangzhou and Shenzhen in
China [47], measurements at 5.25 GHz with three different
speeds, i.e., 20, 100, and 240 km/h between Siegburg and
Frankfurt in Germany [48], measurements at 2.35 GHz with
a speed of 240 km/h between Beijing and Tianjin in China
[49], and measurements at 2.35 GHz with a speed 200 km/h
between Zhengzhou and Xian in China [50].

Most HST channel measurements concentrated on large-
scale fading [38]-[41], [47]. Measurement results confirm that
the path loss of HST channels fits the classical log-distance
path loss model [51] and the shadowing fits the log-normal
distribution. The measurement results also show that the large-
scale fading is largely affected by the detailed structures of
propagation environments. Measurements in [40] show that the
path loss of HST channels in viaduct scenarios is influenced
by the viaduct height and the BS antennas height, i.e., higher
viaducts result in larger path loss exponents (PLEs), whereas
higher BS antennas lead to smaller PLEs. Measurements in
[41] show that a larger slope of the cutting wall results in
a larger path loss for both low and deep cutting scenarios.
However, the shadowing is significantly influenced by the
cutting depth, i.e., a deeper cutting leads to larger shadow.
Measurements in [42] indicated that in cutting scenarios, both
the PLE and shadowing standard deviation of the log-normal
distribution are larger than those in viaduct scenarios. For the
small-scale fading, the dynamic fading range, which is defined
as the difference between the minimum and the maximum of
the signal amplitude within an observation window, in cutting
scenarios is also larger than the value in viaduct scenarios.
The bridges built over the cuttings cause an extra loss of
about 5 dB. Authors in [47] indicate that the path loss of
HST channels in hilly scenarios fits a two-slope curve.

Authors in [43] and [44] characterized the small-scale
fading of HST channels by fade depth, which is defined as the

difference between the 50% and 1% of cumulative distribution
of received signal powers in dB. They showed that the fade
depth is around 15 dB for a viaduct scenario and around 17 dB
for a cutting scenario. Most HST scenarios can be considered
as typical LoS conditions. Authors in [43] illustrated that the
fading envelopes fit the Ricean distribution. K-factor is an
important parameter to characterize the fading envelopes of
HST channels, which indicates the power ratio of the LoS
component to all other scattering components. Authors in [41]
and [39] showed that the K -factor of HST channels fits the
log-normal distribution. The mean values of the K -factors
have been reported in various HST scenarios, e.g., 6 dB for
an open space scenario [48], 4.55 dB for a viaduct scenario
[43], 1.52 dB for a cutting scenario [44], and 0.72 dB for a
hilly terrain scenario [47].

HST channels are distinctly characterized by its non-
stationarity due to the high speed of the train. Measurements
in [49] show that the K -factor, multipath characteristics, and
Doppler features vary dramatically with the location of the
train. However, few measurements were conducted to capture
the non-stationarity of HST channels. Authors in [45] and [46]
measured the stationary interval of HST channels with local
region stationarity (LRS) metric, which is defined as the time
over which the correlations of consecutive averaged power
delay profiles (APDPs) exceed a certain threshold. Based on
the LRS metric, at 324 km/h the stationary interval of the
HST channel was estimated as 9 ms. This is much shorter
than the stationary interval of standardized channel models,
such as spatial channel model (SCM), WINNER II, and IMT-
Advanced channel models. The LRS quantifies the stationary
interval in the power domain, whereas authors in [45] adopted
the CMD [52] to analyze the non-stationarity of HST channels
regarding the changes of the spatial structure of the MIMO
channel. Authors in [50] quantified the non-stationarity of HST
channels in a cutting scenario with another metric called non-
stationary index, which is defined as the difference between
the value and time average value of the autocorrelation of
time-variant transfer function.

D. MmWave Channel Measurements

Most mmWave channel measurements concentrated on se-
vere path loss, which is the biggest challenge for the applica-
tion of mmWave communication. According to the free space
propagation equation, the received power is proportional to
the inverse square of the carrier frequency, revealing a large
path loss of mmWave transmission. Measurements in [5], [20],
and [53]-[57] were carried out at 28 GHz, 38 GHz, 60 GHz,
and 73 GHz in New York. Measurement results show that
the omnidirectional PLEs are in the range of 1.8-2.1 for
the LoS case and 2.4-3.5 for the NLoS case, and increase
slightly as the carrier frequency increases. The path loss at
mmWave bands in the LoS case can be accurately described
by the Friis equation. Apart from the path loss, atmospheric
absorption and rain attenuation can also lead to a significant
power loss at mmWave bands. Measurements in [58] show that
attenuations caused by atmospheric absorption and heavy rain
at 28 GHz over a distance of 200 m are about 0.012 dB and
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1.4 dB, respectively. Considering the above-mentioned facts,
most mmWave communications will be deployed in small cells
with an inter-site distance of up to 200 m [5]. Short wave-
length makes mmWave more sensitive to the objects such
as foliage, human, and vehicle. It is indicated that swaying
foliage can cause a 10 dB attenuation at 29.5 GHz, but only
2 dB attenuation at 5 GHz [59]. Measurements at 26 GHz and
39.5 GHz show that 1-3 walking person(s) can result in an
attenuation of 12.53-33.98 dB [60].

The authors in [61] conducted 28 GHz channel measure-
ments, which focused on reflection coefficients and penetration
losses of different materials. Measurement results show that
outdoor materials usually have higher reflection coefficients,
e.g., 0.815 for concrete, whereas the reflection coefficients of
indoor materials are relatively lower, e.g., 0.74 for clear glass.
Meanwhile, the penetration loss of outdoor materials is gener-
ally high, e.g., 40.1 dB for tinted glass, and the penetration loss
of indoor materials is relatively low, e.g., 3.9 dB for clear class.
The high reflection coefficients and large penetration losses of
outdoor materials make the mmWave hard to penetrate into the
walls between indoor and outdoor. However, it helps to reduce
inter-cell interference. More detailed reflection coefficients and
penetration losses of different materials at mmWave bands
were reported in [61]-[63].

The high frequency or short wavelength of mmWave re-
sults in weak diffractions which make the mmWave exhibit
quasi-optical properties. In mmWave transmissions, most of
the propagation power is contributed by the LoS and low-
order reflected components [64]. Measurements in [65] were
performed in an office at 60 GHz with a 800 MHz band-
width and using directional antennas of 18 dB. It was shown
that the powers of the LoS component, first-order reflection
components, and second-order reflection components are about
30 dB, 15-20 dB, and 2-6 dB over noise level, respectively.
Measurements in [66] were conducted at 81-86 GHz in street
canyon and roof-to-street environments and found that the LoS
component is at least 20 dB higher than the first MPC. As the
frequency increases, according to the Rayleigh criterion [51],
more surfaces will be identified as rough, leading to more
diffuse scattering and less reflections at mmWave bands [67].
In mmWave communications, highly directional antennas are
often used in order to cope with the large attenuation, resulting
in smaller delay spreads. Various measurements performed
at 28-73 GHz using different directional antennas find the
delay spreads are typically less than 20 ns [68]-[71]. In the
spatial domain, measurements in [5], [20], and [71]-[73] show
that the number of scattering clusters in mmWave bands is
much less than that in frequency bands of below 6 GHz. In
[74], 60 GHz channel measurements were carried out in an
indoor office environment. MPC parameters such as azimuth
angle of departure (AAoD), elevation angle of departure
(EAoD), azimuth angular spread, elevation angular spread,
Rician factor, and ray arrival rate were obtained. Measurement
results illustrate that the azimuth angular spread is much larger
than the elevation angular spread. The AAoDs are significantly
affected by the antenna position and the propagation environ-
ment. However, the EAoDs are more influenced by the antenna
height difference.
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Fig. 2. Classification of 5G channel models.

E. Summary for 5G Channel Measurements

A comparison of 5G channel measurement campaigns is
shown in Table I. It is worth noting that 5G systems will
employ and combine different revolutionary technologies and
work reliably in various environments. However, only few
measurement campaigns considered employing multiple tech-
nologies together, e.g., mmWave massive MIMO channel
measurements [23]. Similar measurement campaigns such as
massive MIMO V2V channel measurement, mmWave HST
channel measurement, etc., should be carried out in the future.
Furthermore, few measurements were conducted under new
scenarios, e.g., crossroad [30] and parking garage [63]. Future
measurements should be carried out under more scenarios,
such as airport, train station, shopping mall, gymnasium, etc.

III. SCENARIO-SPECIFIC 5G CHANNEL MODELS

According to the modeling approach, channel models can
be classified into stochastic channel models and determin-
istic channel models. Stochastic channel models describe
channel parameters using certain probability distributions.
Generally speaking, stochastic channel models are mathe-
matically tractable and can be adapted to various scenarios
with relatively low accuracy (compared with deterministic
channel models). Deterministic channel models predict the
propagation waves in a more accurate manner by solving
the Maxwells equations or approximated propagation equa-
tions. Deterministic channel models usually introduce high
computational complexity and rely on precise information
of the propagation environments. More detailed classification
of 5G channel models and their definitions can be found
in Fig. 2 and Table II, respectively. In this section, 5G
channel models in the literature are reviewed and classified in
terms of different communication technologies or scenarios.
These technologies introduce distinctly different propagation
characteristics compared to those of conventional channels and
pose new challenges to the 5G channel modeling. We will
briefly introduce these challenges and review the approaches
to overcome them.
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TABLE I
IMPORTANT 5G CHANNEL MEASUREMENTS.

Ref Category Scenario Carrier Antenna Channel Statistics
Frequency
[21] massive MIMO court yard 2.6 GHz virtual LA | K-factor, APS, antenna correlation, user correlation
[22] massive MIMO | top of building 15 GHz virtual PA | K-factor, delay spread, angular spread, number of clusters
23] massive MIMO, indoor office 11, 16, 28, virtual RA APDP, ?AP, PEPj delay spread, angular spread, antenna
mmWave 38 GHz correlation, capacity
[24], [25] massive MIMO campus 2.6 GHz virtual LA, CA E;z;giigonelatlon, user orthogonality, singular value spread,
[26] massive MIMO | indoor canteen 5.8 GHz RA, LA path power, user orthogonality, eigenvalue, condition number
urban, open . .
[27] va2v highway 5.12 GHz SISO FCF, delay spread, fading amplitude
[28] V2v suburban 5.9 GHz SISO path loss, Doppler spread, coherence time
[29] V2v campus, urban 5.8 GHz SISO path loss, shadowing, fading amplitude, delay spread
[30] V2v crossroad 5.3 GHz semi-SA, ULA | fading amplitude, stationary interval, delay spread, angular spread
[31] V2v urban, highway 5.12 GHz SISO fading amplitude, FCF
[32] Vv2v campus, highway, 5.3 GHz semi-SA fading amplitude, inter-tap correlation, CMD
urban, suburban
[38] HST viaduct 2 GHz SISO PLE, shadowing
. . fading amplitude, path loss, shadowing, fading depth, K-factor,
[39]-[46] HST viaduct, cutting 930 MHz SISO LCR, AFD, stationary interval
[47] HST hilly terrain 2.4 GHz SISO path loss, shadowing, K-factor
48] HST open space 595 GHz SIMO, UCA path loss, shadowing, K-factor, delay spread, angular spread,
number of clusters
[49] HST viaduct 2.35 GHz SISO path loss, delay spread, K-factor
[50] HST cutting 2.35 GHz SISO channel gain, non-stationary index
[51, [201], . . . .
[S31-[57], mmWave urban, suburban 28, 38, 60, RDA path loss, shadowing, penetration loss, reflection coefficient, delay
[69]{72] 73 GHz spread, angular spread
mmWave urban ) zZ rain attenuation
58 W b 35, 103 GH: SISO i i
mmWave urban . z oliage attenuation
59 W b 29.5 GH: SISO foli i
mmWave indoor restaurant , 39. VA uman body attenuation
60 W ind 26, 39.5 GH: SISO hi bod i
[61] mmWave n anq aT°“nd 28 GHz SISO reflection coefficient, penetration loss
building
mmWave indoor office . z reflection coefficient, penetration loss
62 W ind ffi 57.5 GH SISO flecti ffici ion |
[63] mmWave mdo;:r:;kmg 28,40 GHz SISO reflection coefficient, penetration loss, PLE
mmWave indoor office z ading amplitude, K-factor, ray arrival rate, average number of rays
65 W ind ffi 60 GH. RDA fading amplitude, K-f: y arrival I ber of ray:
[66] mmWave | Strect canyon, 83.5 GHz SISO fading amplitude
roof-to-street
mmWave urban z mean delay, delay spread, delay interval, delay window
[68] W b 59 GH SISO delay, del d, delay i 1, del ind
indoor, 15,17, 28, path loss, shadowing, K-factor, fading depth, delay spread, angular
(73] mmWave urban, O21 60, 86 GHz RDA spread, number of clusters, number of rays per cluster
[74] mmWave indoor office 60 GHz v1rtf1{1]a)l ; A K-factor, fading amplitude, delay spread, angular spread, PAP, PEP
LA: linear array; PA: planar array; RA: rectangular array; CA: cylindrical array; SA: spherical array; ULA: uniform linear array; UCA: uniform cylindrical
array; RDA: rotated directional antenna; APS: angular power spectrum; APDP: averaged power delay profiles; PAP: power azimuth profile; PEP: power
elevation profile; FCF: frequency correlation function; CMD: correlation matrix distance; LCR: level crossing rate; AFD: average fade duration; PLE:
path loss exponent

A. Massive MIMO Channel Models

In massive MIMO channels, due to the large dimension of
antenna array, the distance between the transmitter/receiver
and the cluster may be shorter than the Rayleigh distance,
which is defined as 22 /A, where L is the aperture size of
the antenna array and A is the wavelength [75]. Therefore,
the far-field condition is not fulfilled. The spherical wavefront
instead of plane wavefront should be considered. Besides,
massive MIMO channels are strikingly characterized by their
array non-stationarity. Specifically, different antennas can see
different cluster sets. Path parameters such as power and delay
can drift over different antennas. All the above-mentioned
challenges should be addressed in massive MIMO channel
modeling.

Most massive MIMO channel models in the literature
are based on the mature geometry-based stochastic models
(GBSMs) and extended with new features, e.g., spherical
wavefront and array non-stationarity. Authors in [75]—-[78] pro-
posed massive MIMO channel models based on a twin-cluster
model, an ellipse model, a multi-ring model, and a twin-
multi-ring model, respectively. Appearance and disappearance
of the clusters over the array were modeled by a Markov
process or a birth-death process. The spherical wavefront was
obtained by calculating the distances between every transceiver
element and clusters. The parameter drifts over the array were
calculated based on the geometry. A major improvement was
reported in [79], where the authors proposed a 2D WINNER-
like massive MIMO channel model. The cluster generation and
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TABLE II
DEFINITIONS OF CHANNEL MODELING APPROACHES.

Modeling

A Definition
pproach
Scatterers are assumed to be stochastically distributed
RS-GBSM | according to a particular underlying geometry with a
regular shape.
Scatterers are assumed to be stochastically distributed
IS-GBSM ; :
without being located on a regular shape.
Defined as a summation of a series of complex gains
TDL-based | ith gifferent time delays.
CBSM Describe the spatial structure of a MIMO channel by

modeling the correlation between antenna elements.
Rays are determined and calculated according to the
RT geometric optic (GO), geometric theory of diffraction
(GTD), and uniform theory of diffraction (UTD)
approximations of electromagnetic fields.

Based on RT method using a simplified 3D map where
propagation mechanisms such as diffraction and
specular reflection can be turned on or off

Map-based

recombination were simulated by a two-state Markov process.
A spatial log-normal process was adopted to provide smooth
power variations. The authors proposed a new approximation
algorithm for calculating spherical wavefront, i.e., parabolic
wavefront, which can model linear angular drifts of MPCs over
large arrays and at the same time reduce computational com-
plexity. The relationships among plane wavefront, spherical
wavefront, and parabolic wavefront can be expressed as [79]

R.,= \/RE + 22 — 2R ) cos(a)

spherical wavefront

plane wavefront

—_—~— 2
~R. — z, cos(a) —|—2T§C sin®(a) ()

parabolic wavefront

where R., and R, are the distances from the ™ cluster to
the p*" antenna element and to the reference antenna element
of the BS array, respectively, x,, is the spacing between the
pt" antenna element and the reference antenna element of the
BS array, and « is the difference between the tilt angle of
the ULA at the BS and the AAoD of the wave transmitting
from the p!” antenna element and impinging on the c¢*" cluster.
Recently, the authors extended the parabolic wavefront in [79]
into the 3D space and time domain [80]. The two-state Markov
process and shadowing processes were used to capture the
non-stationary properties in spatial and temporal domains.

Authors in [81] also proposed a WINNER-type massive
MIMO channel model. Different from the model in [79],
where the array non-stationarity was modeled using a two-
state Markov process, the array non-stationarity in [81] was
modeled by dividing the BS array into several sub-arrays.
The length of each sub-array is determined by the stationary
distance, which is defined by the coherence distance of visible
clusters. The clusters corresponding to each sub-array were
independently generated. A gradual share of clusters was
obtained depending on the overlapped regions of adjacent sub-
arrays. Instead of using the parabolic wavefront in [79], the
spherical wavefront in [81] was accurately calculated based
on the clusters’ delays and angles.

Cluster with MPCs

MS

L g e e g g e g

Fig. 3. Extension of cluster visibility regions to the base station side [82].

Authors in [82] and [83] proposed massive MIMO channel
models based on COST 2100 channel model [84]. The array
non-stationarity was modeled by introducing visibility region
(VR) not only at the mobile station (MS) side (MS-VR),
but also at the BS side (BS-VR). Different from the MS-
VR, which acts on the temporal domain, the BS-VR acts
on the array domain. As shown in Fig. 3, different BS-VRs
are represented by different colors and they determine the
visibility of different clusters over the large array. A cluster is
active and contributes to the channel only when the MS is in
its MS-VR and the BS antenna element is in its BS-VR. The
spherical wavefront and variations of channel statistics over
the large array were calculated from the geometry. Instead of
using a birth-death process or 2D VR of antenna array, authors
in [85] presented a 3D two-cylinder massive MIMO channel
model. The array non-stationarity was modeled by assigning
each antenna a 3D visible area, which is defined as a virtual
sphere centered at each antenna element. A cluster can be
“seen” by an antenna only when the cluster is located in the
corresponding visible area, and thus each antenna has its own
set of clusters.

Apart from GBSMs, authors in [86] and [87] developed
massive MIMO channel models based on correlation-based
stochastic models (CBSMs). In [88], a Kronecker-based s-
tochastic model (KBSM) was developed for massive MIMO
systems by introducing a birth-death process over the array. In
[89], the authors proposed an empirical massive MIMO chan-
nel matrix model based on channel measurements. The channel
matrix is represented as sum of a fixed matrix and a random
matrix. The latter characterized the transmitting/receiving cor-
relations and their coupling. In [90], a packet-level channel
model based on a finite-state Markov chain (FSMC) was
proposed for massive MIMO channels. Besides the aforemen-
tioned stochastic models, deterministic models such as ray-
tracing (RT) model [91], ray-launching (RL) model [92], and
map-based model [10] were also developed for massive MIMO
channel modeling.

B. V2V Channel Models

Because of the unique propagation conditions, V2V chan-
nels exhibit very different propagation characteristics com-
pared to the cellular communication channels [16]. In V2V
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communications, both the transmitter and the receiver are
relatively low and surrounded by a large number of scatterers.
The transmitter and the receiver as well as scatterers could be
moving, resulting in large Doppler shifts and making the chan-
nel non-stationary [11], [12]. Propagation environments such
as highway and urban canyon can also make great impacts
on channel characteristics. All above-mentioned propagation
conditions have to be considered carefully in V2V channel
modeling.

The early V2V channel models are 2D GBSMs, e.g., two-
ring model [93]-[95]. The two-ring model assumes that the
transmitter and receiver are surrounded by large numbers of
local scatterers located on two regular rings. The statistical
properties such as temporal autocorrelation function (ACF)
and Doppler PSD can be derived with analytical solution from
the geometry of the model. An improved two-ring model for
V2V channels was proposed in [96]. The model took into
account the LoS, single-bounced, and double-bounced compo-
nents, making the model suitable for both micro- and macro-
cells. By employing multiple scattering rings, the narrowband
two-ring model was extended to wideband models [97], [98].
A further advance was presented in [99]-[101], where the
authors proposed an adaptive V2V model by combining a two-
ring model and an ellipse model. Through changing the power
proportion of different propagation components, the model can
be adapted to a wide range of V2V scenarios, e.g., macro-,
micro-, and pico-cells. The LCR and AFD of the adaptive V2V
model were derived in [102], where the obtained expressions
can incorporate many existing LCRs and AFDs as special
cases and fit the measurement results very well. Based on
the multi-ring model, a cooperative MIMO channel model
was proposed in [103]. By adjusting some key parameters,
the proposed model can be adapted to a total of 12 mixed
scenarios, i.e., 4 physical scenarios (macro-, micro-, pico-cells,
and indoor scenarios) multiply by 3 application scenarios (BS,
MS, and relay cooperation), and can capture the impacts of
the local scatterers density on channel statistics. Other 2D
regular-shaped GBSMs (RS-GBSMs) such as street scattering
model [104], [105], T-Junction scattering model [106], [107],
blind corner scattering model [108] were also adopted for
modeling certain V2V channels. Statistical properties such as
cross correlation function (CCF), ACF, and Doppler PSD can
be derived from corresponding geometric relationships.

The 2D V2V models, which assume the waves propagate
in the horizontal plane, are more suitable for certain sce-
narios, such as rural areas. However, in urban scenarios, the
transmitter and receiver are closely located and waves can be
diffracted and reflected off from high buildings. Therefore,
wave propagations in both the horizontal and the vertical
planes have to be considered. In [109], the authors proposed
a 3D two-cylinder based V2V channel model, in which the
scatterers were assumed to lie on the surfaces of two cylinders.
The wideband version of the 3D two-cylinder model and its
experimental verification can be found in [110]-[112]. In [113]
and [114], the authors extended the work of [99] into a 3D
non-stationary model, which combines the LoS component,
a two-sphere model, and multiple confocal elliptic-cylinder
models. The azimuth and elevation angles were described

y Static discrete scatterers

Il N
i V() 1

) <«———Moving discrete chterers
= =
° X
e
l ~ dT—(k+1) k+1 —

o
W, U U I
DII ~— Diffuse scatterers

Fig. 4. A typical V2V propagation environment [121].

using the von Mises-Fisher distribution. The proposed 3D
model was considered to be more general and realistic than 2D
models and can be adapted to a wide range of V2V scenarios.

Further advances were proposed in [115]-[117], where V2V
channel models were developed by taking into account both
fixed scatterers and moving scatterers. Extra Doppler frequen-
cy shifts due to moving scatterers were considered. Few V2V
models considered diffused scattering components, which can
be stemmed from trees on the roadside [118]. Authors in [119]
modeled the diffuse scattering using the low-complex multi-
dimensional discrete prolate spheroidal sequences (DPSS).
More general models were reported in [12], [120], and [121].
In Fig. 4, a typical V2V propagation environment is illustrated.
The transmitter and receiver move in the same direction with
the speeds of vp(t) and wvg(t), respectively. An irregular-
shaped GBSM (IS-GBSM) was developed by taking into ac-
count the LoS component, discrete components reflected from
mobile scatterers, e.g., other vehicles, discrete components re-
flected from fixed scatterers, e.g., road signs and buildings, and
diffuse components stemming from vegetation. By combining
deterministic and stochastic approaches, the proposed models
exhibit a good agreement with the measurement data and
achieve a better trade-off between the accuracy and complexity
compared to the traditional RS-GBSMs.

Non-geometrical stochastic models (NGSMs) such as
tapped delay line (TDL) models were also used in V2V
channel modeling. In TDL models, the channel impulse re-
sponse (CIR) is represented by a linear finite impulse response
(FIR) filter. Each tap of the TDL model is composed of
several MPCs with non-resolvable delays. Tap weights are
modeled by a random process with amplitudes following
Rayleigh, Ricean, or Weibull distributions [122]. The early
TDL-based V2V models were developed based on a series of
measurements in cities and highways by Acosta-Marum and
Ingram [123]-[126]. However, these models were based on
the WSS assumption and cannot represent the non-stationarity
of the V2V channels, which may lead to erroneous results in
system performance prediction [127]. In [15], [128], and [129],
non-stationary correlated scattering TDL channel models were
proposed. In order to model the non-stationarity of V2V
channels, parameters such as delays and powers were modeled
as time-varying. The lifetime of the paths was modeled using
a “persistence process”, which is controlled by a first-order
two-state Markov chain. Further data analysis illustrates that
V2V channels fulfill neither WSS assumption, nor classical
US assumption. The tap correlations of the models were
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Fig. 5. A multiple confocal ellipses HST channel model [18].

provided based on measurement results. Benefitting from
its simple structure, the computational complexity of TDL
models is much less than the GBSMs. However, GBSMs are
more versatile than the TDL models due to their complex
geometric constructions which can represent realistic propa-
gation environments by adjusting a large number of parameter
configurations. A comprehensive comparison between GBSMs
and TDL models for V2V channels was given in [121].

Deterministic models such as RT models were also adopted
for V2V channel modeling. Early RT-based V2V models
can be found in [130]-[133]. In [134], authors investigated
the effects of antenna positions on the vehicles using a RT
approach. By reconstructing virtual propagation environments
and with the help of the GO and UTD theories, RT models
can achieve a good agreement between the simulation and
measurement results [135], [136]. Generally speaking, RT
models can provide accurate and site-specific simulations but
usually with large computational complexity.

C. HST Channel Models

HST scenario is assumed to be one of the typical sce-
narios for 5G systems [2], [137]. Considering the extremely
high speed of train, e.g., 500 km/h, the future HST channel
modeling has to address challenges such as non-stationarity,
large Doppler shift [138], fast handover [139], and adapting to
diverse HST propagation environments [140], including open
space, viaduct, cutting, hilly terrain, tunnel, station, etc. Thus,
HST scenario could be one of the most challenging scenarios
in 5G channel modeling.

Most of the existing HST channel models were developed
based on GBSMs. Authors in [141] proposed a one-sphere
channel model for open space HST scenario. The scatterers
were assumed to be located on the surface of a sphere with
the train located at the center. A non-stationary wideband
ellipse channel model for HST communication system was
proposed in [18] and [142]. As shown in Fig. 5, scatterers
were assumed to be located on multiple confocal ellipses with
the transmitter and receiver located at two focal points. Waves
reflected from the scatterers on the same ellipse arrive with the
same delay. The non-stationarity of HST channel is caused by
the time-varying distance between the transmitter and receiver.
Time-varying angles of the model were calculated based on
the geometry. The stationary interval was adopted to measure
the stationarity of the HST channel model and compared with
the measurement data. By using different scenario-specific
parameters, the authors further extended the model in [142]

into a more general one [143], which can be applied to
the three most common HST scenarios, i.e., open space,
viaduct, and cutting scenarios. Authors in [144] proposed
a GBSM that combined a one-ring model and an elliptical
model for HST viaduct scenario. The channel parameters
including the K -factor and Doppler PSD were obtained from
channel measurements. A GBSM for HST cutting scenario
was proposed in [145]. Channel parameters, including PLE
and K-factor were extracted from measurement data. The
cluster size was calculated based on cutting structure and
channel parameters. A 3D cylinder-shape GBSM for HST
tunnel scenario was proposed in [19] and [146]. The model
considered both the single-bounced and multiple-bounced rays
reflected from the scatterers randomly distributed on the inner
walls of the tunnel. A new geometry-based random-cluster
model for HST channels was proposed in [147]. The variations
of delay and Doppler of clusters over time were represented
based on the geometrical relationships among the BS, the
moving HST carriage, and the railway. Cluster characteristics,
including per-cluster path loss, shadow fading, delay, and
Doppler spreads, were extracted from the measurement data.
Standardized channel models such as the WINNER II [48]
and IMT-Advanced [148] also presented respective channel
models for the fast-moving scenarios based on extensive HST
channel measurements. Using the same model framework for
other scenarios, the WINNER II and IMT-Advanced models
can support the HST speed up to 350 km/h. In [149], the
IMT-Advanced channel model was extended to a 2D non-
stationary HST channel model by considering moving clusters
in propagation environments. The appearance and disappear-
ance of clusters were modeled by a birth-death process and
the parameters such as delay, power, and angles were updated
according to the geometry. Similarly, a more realistic 3D non-
stationary WINNER+ based channel model can be found in
[150]. The extra Doppler frequencies caused by the moving
clusters were considered. Statistical properties such as LCR,
AFD, and stationary interval were derived and validated by
the measurement data.

NGSMs capture the characteristics of HST channels in a
fully stochastic manner instead of considering the geometrical
construction of propagation environments. A measurement-
based stochastic model for HST channels was reported in
[151]. The HST propagation environment was divided into
two regions, i.e., Region 1: the train is under the BS antennas,
so called bottom area, and Region 2: the train is out of bottom
areas but can still receive strong LoS paths. Analysis results
show that propagations in Region 1 are mainly affected by the
antenna radiation patterns. However, environment variations
significantly influence propagations in Region 2. The proposed
model took into account the impacts of directional BS antennas
and characterized cell-to-cell variations of HST channels.
Authors in [152] and [153] developed channel models for
HST communication system based on FSMCs, providing an
effective way to capture fast fading features of the HST chan-
nels. A position-based TDL model for HST communication
system was proposed in [154]. Parameters such as K-factor,
Doppler frequency, and delay spread were parameterized based
on extensive HST channel measurements and modeled as
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Fig. 6. A propagation graph with four transmit vertices, three receive vertices,
and six scatterer vertices [157].

functions of train position and transceiver separation. Based
on the “on/off” TDL model in [128], authors in [155] modeled
the dynamic behavior of multipath taps using a four-state
Markov chain, i.e., no “births” or “deaths”, only “births”,
only “deaths”, and both “births” and “deaths”. Similar method
can be found in [156], where a second-order Markov process
was used to describe the random “on/off” process of the
multipath taps, e.g., “00” denotes the previous and present
states are “off”, “O1” denotes the previous state is “off” and
the present state is “on”, etc. Authors in [158] developed
a HST channel model using a propagation-graph modeling
approach. As shown in Fig. 6, the local geographic details of
environments were described by a random graph composed of
a set of vertices (transmitter, receiver, and scatterers) and edges
(propagation paths between vertices). The realization of CIR
was generated by exhaustive searching for propagation paths
connecting the transmitter and receiver. The proposed channel
model can achieve specular-to-diffuse transition, which is
difficult to acquire by the conventional RT models.
Deterministic channel models can provide a realistic and
site-specific description of HST channels. A RT-based HST
channel model was proposed in [159], where the propagation
environment was reproduced by a concrete floor, two pairs of
metallic railway tracks, several pairs of metallic pylons, and a
concrete noise barrier on both sides of the track. Simulation re-
sults show that the Doppler spreads are reduced and the receive
powers are increased when using directional antennas instead
of omnidirectional antennas. In [160], a deterministic HST
channel model was proposed which took into account all the
transmission mechanisms existing in realistic HST propagation
environments and considered the antenna influences including
radiation pattern and polarization. The reflection and diffused
scattering were modeled using a ray-optical approach, and
the diffraction loss was predicted by a multi-edge diffraction
model based on the raster database. A RT-based channel model
focusing on composite HST scenario was proposed in [161].
The composite HST scenario was reconstructed by a 3D
digital map. In general, deterministic modeling approaches
are very suitable for modeling HST tunnel scenarios based
on the regular scatterers distributed on tunnel walls. A multi-
mode waveguide channel model for HST tunnel scenario was
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Fig. 7. Measured PDP where two TCs are composed of eight and six subpaths
with a 25 ns minimum inter-cluster void interval [71].

proposed in [162] by combining a GO model and a waveguide
model. Statistics such as temporal ACF and PSD were derived.

D. mmWave Channel Models

A 3GPP-like mmWave channel model called statistical
spatial channel model (SSCM) [71], [72], [163] was developed
by Theodore S. Rappaport’s team based on extensive mmWave
channel measurements in the 28/38/60/73 GHz bands [5],
[20], [55], [57], [164]-[169]. The SSCM extended the existing
3GPP model with higher temporal and spatial resolution
properties using the time cluster-spatial lobe (TCSL) modeling
method. The concepts of TC and SL are illustrated in Figs. 7
and 8. TCs are a number of MPCs with close delays to form a
cluster, e.g., an inter-cluster void interval is larger than 25 ns,
but can arrive from different directions. SLs indicate the set of
arrival or departure rays whose powers continuously spread in
the azimuth and elevation planes, e.g., at least -10 dB below
the maximum power in the power azimuth spectrum (PAS),
but could arrive over hundreds of nanoseconds. The concepts
of TC and SL describe the temporal and spatial statistics
independently, which are different from the cluster structure
in the 3GPP/WINNER model. The CIR of the SSCM is the
superposition of MPCs included in either a TC or a SL, and
is given by

N
homni(tv (_9>a 3) = Z

n=1
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where N and M, are the number of TCs and the num-
ber of subpaths in the n-th TC, respectively, am n, ©m.n»
and 7, , are the magnitude, phase, and delay of the m-
th subpath in the n-th TC, respectively, ©,,, and ®,,,
are the departure and arrival angle unit vectors, respectively.
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Fig. 8. Measured PAS where two SLs have a -10 dB power threshold [71].

Similar approaches can be found in [10], [73], and [170]-
[173], where channel models were developed following the
3GPP/WINNER channel modeling approach and based on
mmWave channel measurements and RT simulation results. It
is worth noting that the massive MIMO channel measurements
at 11, 16, 28, and 38 GHz in an indoor office environment
were carried out in [23]. Statistical properties including APDP,
power azimuth profile (PAP), power elevation profile (PEP),
and RMS delay spread for the four mmWave bands were
obtained. The massive MIMO propagation properties such as
spherical wavefront, cluster birth-death, and parameter drifting
over the antenna array at mmWave bands were validated and
analyzed. Based on the measurement results, a non-stationary
twin-cluster GBSM with a birth-death process was proposed.
NGSMs such as Saleh-Valenzuela (SV) model [174] are
also popularly used in mmWave channel modeling due to its
simple structure. The CIR of the SV model is given by

oo

h(t) = Z Zﬂkzej(b""Cs(t — T — Tt) 3)

=0 k=0

~

where 7; denotes the delay of the [-th cluster, Bk, dwi,
and 7, are the amplitude, phase, and delay of the k-th
arrival ray within the [-th cluster, respectively. The mmWave
channel model in [175] was extended from the SV model
by incorporating spatial information, which was assumed to
be independent from delays. It was developed based on the
measurement data at 7 GHz. The cluster arrival angles are
uniformly distributed in the range [0, 27) and the azimuth
AoAs (AAoAs) within a cluster are assumed to follow a zero-
mean Laplacian distribution. A similar approach can be found
in IEEE 802.15.3¢ channel model [176], where the SV model
was extended by incorporating angular information based on
the channel measurements between 57-64 GHz. A mmWave
channel model for desktop environment was proposed in [177].
It was developed based on the measurements between 61—
64 GHz. The model is a combination of a modified two-path
model including the LoS path and a reflected path with random
parameters, and a SV model representing NLoS components.

In [74], a series of channel measurements at 60 GHz were con-
ducted in an indoor office environment. Parameters including
power, delay, azimuth angle, and elevation angle were extract-
ed using the SAGE algorithm and an extended SV-based model
with angular information was developed. The authors found
that the AAoDs have a wider distribution compared to the
EAoDs and are significantly influenced by the antenna position
and surrounding environments. However, EAoDs are more
sensitive to the antenna height difference. More complicated
3D SV-based mmWave channel models with inter- and intra-
cluster parameters for indoor environments were presented in
IEEE 802.11ad channel model [64], [178]. The model was
developed based on indoor channel measurements and RT
simulation results at 60 GHz [65], [179]. Parameters such
as delays and angles were described by specific probability
density functions (PDFs). The clusters in IEEE 802.11ad
model are composed of three components, i.e., central ray,
pre-cursor rays, and post-cursor rays. The arrival rates of pre-
and post-cursor rays were modeled as two Poisson processes
and the average powers of rays were assumed to decay
exponentially with delays, where the instantaneous powers
are Rayleigh-distributed. An extension of the IEEE 802.11ad
channel model was reported in [180]. The model takes into
account the dependence of delay and angular domains. The
spatial-temporal characteristics of clusters were modeled by
two approaches, i.e., semi-deterministic approach based on RT
and stochastic approach based on joint angular-delay PDFs.
Measurement results at 60 GHz and 70 GHz revealed that
the clustering behaviors are not significant in the angular-
delay domain. Therefore, authors in [181] adopted a simpler
structure instead of the cluster structure, which is widely used
in IEEE 802.15.3¢/802.11ad and 3GPP/WINNER models. The
path angles were assumed to be uniformly distributed and the
arrival of paths was modeled by a Poisson process. Besides,
the model considers not only specular components, but also
diffuse components which are more significant in mmWave
bands than those in conventional bands. Other NGSMs such
as the TDL channel model were also used in mmWave channel
modeling. In [182], an indoor channel model for 60 GHz
was proposed. The FIR filter coefficients were obtained based
on wideband mmWave channel measurements. In [183], the
TDL model for 27.4 GHz was extended by using random
variable parameters and applied in the outdoor mmWave
channel modeling.

Various mmWave channels in a wide range of scenarios
have been parameterized and modeled using a deterministic
method, i.e., RT method, such as urban area [184], [185],
town square [186], indoor [187], [188], corridor [189], pas-
senger cabin [190], HST [191], tunnel scenarios [192], etc.
Apart from the RT approach, authors in [193]-[195] proposed
deterministic mmWave channel models using a point cloud-
based method, which can provide site-specific propagation
predictions with high precision. The models were developed
based on detailed environmental data, i.e., point cloud, which
was obtained from laser scanning of investigated environment.
The entire electromagnetic field was calculated through paths
backscattering from the point cloud. Besides, some mmWave
channel models were developed by combining deterministic
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approaches and stochastic approaches. A semi-deterministic
mmWave channel model for 3.8 and 60 GHz considering both
specular components and diffuse components was proposed
in [196]. The specular components were simulated through
RT and the diffuse components were modeled by the graph
theory. A similar channel model can be found in [197], where
the RT-based model was extended by incorporating diffuse
components using the effective roughness method. Recently,
a unified propagation graph channel model for 60 GHz was
proposed in [198], where the diffuse components were mod-
eled by the semi-deterministic graph theory and the specular
components were simulated by a single-lobe directive model.

E. Summary for Scenario-Specific 5G Channel Models

Table III shows the comparison of scenario-specific 5G
channel models. Only part of the channel models were de-
veloped based on channel measurements. Since 5G channel
models such as mmWave channel models heavily rely on
measurement results, more channel measurements should be
carried out for channel modeling. Besides, most of the existing
channel models are GBSMs. Other modeling methods such as
NGSM or methods combining multiple modeling approaches
such as map-based hybrid method have also been considered.

IV. GENERAL 5G CHANNEL MODELS

In this section, we will introduce ten up-to-date general
5G channel models, which are COST 2100 channel model
[84], [199], MiWEBA channel model [9], [200], QuaDRiGa
[201], [202], mmMAGIC channel model [73], METIS channel
model [10], SGCMSIG [173], 3GPP channel model [203],
IMT-2020 channel model [204], IEEE 802.11ay [205], and
more general 5G channel model (MG5GCM) [206]. The
“general” means the channel models can support various 5G
communication technologies and can be adapted to different
scenarios. All of these channel models, except MiWEBA and
IEEE 802.11ay channel model, can be classified as GBSMs
or adopted GBSMs since their primary modules root from
SCM and WINNER 1I channel models. The grid-based GBSM
(GGBSM) was first presented by METIS and then adopted
by 5GCMSIG and mmMAGIC. It was developed in order
to provide a smooth time evolution and spatially consistent
simulations through interpolating channel parameters among
the nearest grids in a 2D map. The deterministic modeling
approach, i.e., map-based approach, proposed by METIS, was
developed based on a simple 3D geometrical environment to
provide an accurate and realistic channel data. The map-based
hybrid model was first proposed by METIS and 3GPP, and
then admitted by IMT-2020. It was developed by combining a
GBSM and a map-based model. The map-based hybrid model
can provide a flexible and scalable simulation, and at the same
time can achieve a tradeoff between accuracy and complexity.
Besides a GBSM and a map-based hybrid model, the IMT-
2020 also proposed an extension module based on the time-
spatial propagation (TSP) model [207]. It was used as an
alternative modeling method to generate channel parameters
by taking into account environment-specific parameters such

as street width, building height, etc. Considering the quasi-
optical characteristics of mmWave bands, the MiWEBA and
IEEE 802.11ay proposed a quasi-deterministic (Q-D) model-
ing approach by combining the deterministic approach and the
stochastic approach. The Q-D approach was reported to have
the ability to meet the major challenges of outdoor channel
modeling at 60 GHz.

A. COST 2100 Channel Model

COST 2100 channel model stems from COST 259 channel
model [208] and COST 273 channel model [209]. It focuses
on the frequency bands below 6 GHz. As shown in Fig. 9,
there are three kinds of clusters in COST 2100 model, i.e.,
local clusters, single-bounced clusters, and twin clusters. Local
clusters are situated around the BS or MS. Both single-
bounced clusters and twin clusters are situated far away from
BS and MS. The locations of single clusters can be determined
by the delays and angular parameters at both sides. However,
the locations of twin clusters have to be described respectively
by both sides. All of the clusters in COST 2100 model are
assumed to be dispersed in the propagation environment with
fixed locations and shared by all links. Parameters like angles,
delays, and powers were obtained based on the geometry and
the distributions of cluster locations. This is contrary to the
3GPP/WINNER channel model, where clusters implicitly exist
in the propagation environment and locations of clusters were
indirectly determined by cluster parameters.

COST 2100 model inherits the concept of VR from COST
273 model. VRs were defined as identically sized circular
regions and uniformly distributed in the azimuth plane. They
indicate whether a cluster can be “seen” by the MS, that is,
whether a cluster is active and how much it contributes to
a channel realization. VRs can be overlapped and each VR
corresponds to a specific cluster. As the MS enters and leaves
different VRs, the corresponding clusters change, resulting in
non-stationary channel simulations.

Benefitting from specific locations of clusters, the closely
located receivers can see similar environments. Thus, the
model can be simulated in a natural and realistic way and at
the same time achieve spatial consistency. COST 2100 channel
model supports smooth time evolution and long time/distance
simulation. Furthermore, based on the fixed locations of clus-
ters, spherical wavefronts can easily be obtained. Although
COST 2100 model has many advantages, such as smooth time
evolution, it is relatively difficult to extract and validate the
cluster characteristics through channel measurements. Besides,
the propagation environments represented by the three kinds
of clusters and their VRs are relatively complex. Although
the propagation environments were modeled in 3D, the VRs
are still 2D. All of these limit the application of COST 2100
channel model.

B. MiWEBA Channel Model

The MiWEBA channel model can support frequency range
between 57 and 66 GHz. Measurements in [5], [55], [64],
and [210] illustrated that in mmWave propagations, the LoS
and low-order reflection components constitute most of the
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TABLE III
IMPORTANT SCENARIO-SPECIFIC 5G CHANNEL MODELS.
N Modelin 3D Time . Measurement
Ref Application Approac%l Modeling | Evolution Wideband Campaign*

[75],[80] massive MIMO | IS-GBSM yes yes yes no
[79] massive MIMO | IS-GBSM no yes yes no
[81]-[83] massive MIMO | IS-GBSM yes yes yes yes
[76]-[78] massive MIMO | RS-GBSM no yes yes no
[85] massive MIMO | RS-GBSM yes no no no
[86], [88] massive MIMO NGSM - no yes no
[89] massive MIMO NGSM - no no yes
[87],[90] massive MIMO NGSM - no yes yes
[91] massive MIMO RT yes no no no
[92] massive MIMO RL yes no no yes
931-[96], [99], [101], [102], [108],

{1 1]5]F [1]17[] 1, [101], [102], [108] V2v RS-GBSM no no no no
[971, [98], [100], [106], [107] V2v RS-GBSM no no yes no
[104] V2v RS-GBSM no yes no no
[105] V2v RS-GBSM no no no yes
[110],[111],[116] V2V RS-GBSM yes no yes no
[109], [113] V2V RS-GBSM yes no no no
[112] V2v RS-GBSM yes no yes yes
[114] V2v RS-GBSM yes yes yes no
[119] V2V IS-GBSM no no no yes
[12],[120] V2v IS-GBSM no yes yes yes
[118], [123]-126] V2v NGSM - no yes yes
[15], [128], [129] V2v NGSM - yes yes yes
[130]-[134] V2v RT yes no yes no
[135], [136] V2v RT yes no yes yes
[141] HST RS-GBSM yes no no no
[18], [142], [143] HST RS-GBSM no yes yes no
[19], [146] HST RS-GBSM yes yes yes no
[144] HST RS-GBSM no no no yes
[145] HST IS-GBSM yes no no yes
[48], [147], [148] HST IS-GBSM no no yes yes
[149] HST IS-GBSM no yes yes no
[150] HST IS-GBSM yes yes yes no
[151], [153], [154], [158] HST NGSM - no no yes
[152] HST NGSM - no no no
[155], [156] HST NGSM - yes yes yes
[159] HST RT yes no yes no
[160], [161] HST RT yes no yes yes
[23], [71],[72], [163] [170], [171] mmWave IS-GBSM yes no yes yes
{?3]3’][74]’ [175]-[178], [180]- mmWave NGSM - no yes yes
[184]-[192] mmWave RT yes no yes no
[193]-[195] mmWave pmg;;:i(c)lud- yes no yes yes
[196]-[198] mmWave detesrirrlril;listic yes no yes yes
*: Measurement campaigns have been conducted before channel modeling

the propagation channels at mmWave bands, the MiWEBA
channel model adopted a Q-D approach. As shown in Fig. 10,
the CIR of the MiWEBA model is a superposition of D-rays
and R-rays. The D-rays contribute to the major part of the
received power and were modeled by a deterministic approach
based on the geometry of the environment. The R-rays are
weaker waves reflected from cars, trees, lampposts, benches,
etc., and being described as random clusters with specified
statistical parameters extracted from channel measurement
data or RT simulation results.

Fig. 9. Three kinds of clusters in COST 2100 channel model [84]. .
The MiWEBA channel model supports several new com-

munication technologies such as beamforming, massive MI-
MO communications, and D2D communications. It considers

receiving power, whereas the power of diffraction components
is relatively trivial. Considering the quasi-optical nature of

the ratio of diffusion to specular reflection components and
supports time evolution. However, for the first version (D5.1),
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Fig. 10. CIR structure of MiWEBA model [9].

only three scenarios, i.e., outdoor access, backhaul/fronthaul,
and D2D scenarios at 60 GHz band, were parameterized.
The dynamic modeling ability of MiWEBA channel model
is still very limited. The D-rays of MiWEBA model were
obtained using the RT method based on a specific propagation
environment.

C. QuaDRiGa

The QuaDRiGa is a GBSM evolved from WINNER+ chan-
nel model and was extended to support several new features
[201]. The latest version of QuaDRiGa can support frequency
range between 0.45 and 100 GHz. One of the improvements
in QuaDRiGa is the generation process of correlated LSPs.
The correlated maps in QuaDRiGa were generated by the
means of 2D map covering all the locations of the receivers.
Every pixels in the map were assigned with i.i.d. zero-mean
Gaussian random variables [211]. In order to obtain a smooth
location evolution of LSPs, the 2D maps were filtered with
two additional FIRs formed based on the LSP correlation
distance, not only in the horizontal and vertical directions, but
also in the diagonal directions [201], [202]. The QuaDRiGa
supports smooth time evolution for a long time/distance by
separating the receiver trajectory into several segments. A
segment can be considered as a time interval in which the
LSPs do not change significantly and the WSS assumption
is valid [48]. In each segment, a certain amount of clusters
were generated independently and evolved with time based on
the geometric relationships. As shown in Fig. 11, QuaDRiGa
combined the independent segments into a long time sequence
of channel coefficients using overlapping regions, in which
old clusters ramp down and new clusters ramp up following a
sine square function. By interpolating the channel coefficients
non-uniformly, the QuaDRiGa can model the channels when
the MS moves with an acceleration. The latest version of
QuaDRiGa supports spatial consistency of both LSPs and
SSPs. Clusters were generated using a 3D correlated random
process determined by decorrelation distances, which means
two closed located receivers can see similar cluster sets.

The QuaDRiGa supports 3D antenna modeling, massive MI-
MO antennas, multi-user, multi-cell, and multi-hop networks.
However, dual-mobility is not supported in the current version.
Furthermore, the QuaDRiGa only adopted the WINNER-like

Transitions between Segments

overlapping part
O
merging area
(variable length)

initial pos.
segment 2

initial pos.
segment 1

3 original snapshots
© @ constant dlstance

\ *
P

-
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Fig. 11. Transitions between segments and obtaining the velocity variations
by interpolation [201].

modeling framework. In order to support more advanced
channel features and achieve a flexible and scalable simulation,
combination with other modeling approach such as map-based
model is necessary.

D. mmMAGIC Channel Model

The mmMAGIC channel model adopted the 3GPP 3D
(3GPP TR36.873 [212]) channel modeling methodology and
used the QuaDRiGa as a basis. A series of measurement
campaigns conducted in various scenarios, e.g., indoor office,
airport, urban micro (UMi) street canyon, UMi open square,
and outdoor-to-indoor (O2I), and covering frequency bands
between 6 GHz and 100 GHz provide measurement dada for
modeling. In order to be eligible for mmWave bands, several
new modeling approaches were proposed. The LSPs were
modeled as frequency-dependent based on the measurement
results. The clusters and rays were modeled using an extended
SV model [174] characterising both spatial and temporal
domains. The number of clusters and the number of rays
within a cluster were modeled as random variables rather
than fixed numbers. The arrival rates of clusters and rays
were modeled as Poisson processes. Besides, blockage effects
and ground reflection effects were also considered in the
mmMAGIC model.

The mmMAGIC channel model supports a wide frequency
range between 6 and 100 GHz and a large bandwidth of
2 GHz. It is presumed to meet most of the 5G channel model
requirements. However, the dual-mobility is not yet supported
and more scenarios need to be parameterized. Although the
mmMAGIC channel model adopts a lot of advanced modeling
components, how to achieve a flexible combination of those
modeling components and reduce the complexity of the model
should be addressed.

E. METIS Channel Model

In order to achieve a flexible and scalable channel modeling,
METIS provided a map-based model, a stochastic model, and
their combination, i.e., a hybrid model [10]. The stochastic

1553-877X (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/COMST.2018.2862141, IEEE

Communications Surveys & Tutorials

IEEE COMMUNICATIONS SURVEYS & TUTORIALS, VOL. XX, NO. XX, MONTH 2018 15

model and map-based model support frequency ranges up to
70 GHz and 100 GHz, respectively.

The map-based model was obtained based on a RT method-
ology and using a simplified 3D geometric description of a
propagation environment and additional random shadowing
objects. Propagation mechanisms including specular reflection,
diffraction, diffuse scattering, and blocking were taken into
account. Specular and diffuse components can be turned on
or off to increase the accuracy or reduce the complexity. The
map-based model is a promising candidate for 5G channel
modeling, since it is claimed to meet most of the 5G channel
model requirements and is suitable to validate 5G technologies
such as mmWave communications, massive MIMO communi-
cations, and beamforming.

The stochastic model is a GBSM developed from the
WINNER/3GPP model. In the case of D2D/V2V, both the
transmitter and receiver are in motion, a six-dimensional (6D)
correlation map of LSPs has to be used in order to generate
spatially consistent LSPs, resulting in high computational
complexity. The METIS proposes a novel sum of sinusoids
approach to generate spatially consistent LSPs [213], [214],
which is more efficient in computational and memory con-
sumption than the traditional method. For the stochastic model
illustrated in Fig. 12, an idea on time evolution and spherical
wavefront was presented by fixing the locations of clusters
based on the parameters like the delays and angles. Thus, the
parameter drifts can be calculated according to the geometry.

Apart from the map-based model and stochastic model,
the GGBSM was proposed for long time/distance simulations
and achieves spatial consistence in the initial METIS channel
models [215]. The GGBSM was obtained based on a 2D map
covering all receiver locations. As illustrated in Fig. 13, the
LSPs and SSPs were randomly generated for every pre-defined
grid. The parameters at actual user locations were obtained
by interpolating the parameters at the four nearest grids. The
locations of clusters were determined through the delays and
path angles, as illustrated in Fig. 12. Therefore, the drifting of
LSPs and SSPs can be naturally traced based on the geometry.

The METIS channel model provides a flexible and scalable
channel modeling framework and supports various scenarios
such as dense urban macro (UMa) cell, UMi cell, indoor,
shopping mall, D2D, and V2V links, with a wide range of
frequencies. Although the map-based model is assumed to be
less complex than the stochastic model, it is obtained from
the simplified 3D digital map, which requires verification by
measurements.

F 5GCMSIG

The 5GCMSIG channel model was proposed by the spe-
cial interest group (SIG) composed of several industrial and
academic institutes. It can support a wide frequency range
(0.5-100 GHz) and a large bandwidth (100 MHz for below
6 GHz and 2 GHz for above 6 GHz). Based on extensive mea-
surements and RT simulations, the SGCMSIG [173] extended
the 3GPP 3D model to support higher frequency bands. The
channel model includes path loss models, shadowing models,
LoS probability, penetration models, preliminary fast fading

movement

Fig. 12. Parameter drifting due to a small movement of the receiver [10].

AGP

AGP

Fig. 13. Grid points separated by AGP in the xy plane [215].

models, and blockage models. Since having the same root
of 3GPP/WINNER channel model, which does not support
smooth time evolution and spatial consistency, the SGCMSIG
proposed three modeling methods to address these challenges,
i.e., spatially consistent random variable method, geometric
stochastic method, and grid-based method (similar to the
METIS model [215]).

In spatially consistent random variable method, the random
parameters including delay, shadowing, and offset of angles
were generated by interpolating corresponding i.i.d. random
parameters deployed in the simulation area. Similar method
can be adopted to generate temporal/frequency consistent ran-
dom parameters. The spatially consistent LoS/NLoS state was
calculated through comparing a spatial consistency uniformly
distributed random variable with the LoS probability at a
specific location. The soft LoS/NLoS state was calculated
through filtering spatially consistent binary LoS/NLoS state
over the space. The spatially consistent indoor/outdoor state
and soft indoor/outdoor state were calculated using the same
steps.

In the geometric stochastic method, each cell was divided
into several grids. In each of the grid, a set of LSPs were
generated based on the specific PDFs [216]. MSs located in
the same grid will have the same LSPs. The angles were
updated according to the geometry using a linear approxi-
mation method [217]. The birth and death of clusters were
modeled using a Poisson process. When the MS moves to the
neighboring grid, the weakest cluster ramps down and the new
cluster in the neighboring grid ramps up, which maintains the
spatial consistency and keeps the number of clusters fixed.
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The SGCMSIG covers several new scenarios such as stadi-
um, shopping mall, and street canyon. It provides smooth time
evolution and spatially consistent simulations on both LSPs
and SSPs. However, dual-mobility and spherical wavefront
modeling are not yet supported. The SGCMSIG provides dif-
ferent methods to achieve spatial consistency. How to evaluate
those methods in different communication scenarios should be
addressed in the future.

G. 3GPP Channel Model

The latest 3GPP channel model (3GPP TR38.901) [203]
is the extension of the widely used 3GPP 3D channel model
with several additional modeling components. It supports a
wide frequency range (0.5-100 GHz) and a large bandwidth
(up to 10% of carrier frequency).

In 3GPP channel model, the oxygen absorption at 53—
67 GHz was modeled as a function of center frequency, delay,
and 3D distance between the transmitter and the receiver. For
large bandwidths and large antenna array, higher temporal
and spatial resolutions were achieved. Specifically, the intra-
cluster delays and powers in 3GPP model were determined
unequally. Offset angles of rays within a cluster were gener-
ated randomly rather than using fixed values. That is, each
MPC may have different delays, powers, and angles. Besides,
the number of rays within a cluster was determined within
a given range based on the parameters such as intra-cluster
delay spread, intra-cluster angular spread, and array size. As
for time evolution, powers, delays, and angles of clusters
were updated according to the initial cluster parameters, MS
moving velocity, and the initial location of the MS. Mea-
surements in mmWave bands illustrate that a strong path
reflected from ground superimposing with the LoS path can
cause significant fading effects. Using a geometric method, the
ground refections were modeled as a separate component with
the LoS component and NLoS components. Measurements
indicate that mmWave channels are frequency dependent due
to the interactions between propagation environments and
the waves with significant different wavelengths [218]. In
the 3GPP channel model, parameters such as delay spread,
angular spread, and cluster power were modeled as frequency
dependent. Moreover, it supports correlation modeling for
multiple frequencies in the same scenario.

Besides the stochastic model, the 3GPP also proposed a
map-based hybrid channel model, which is a combination of
a stochastic component and a deterministic component. The
stochastic component was mainly developed following the
above-mentioned 3GPP stochastic modeling method. The de-
terministic component, as introduced in [10], was established
using the RT method upon a digital map and considering the
influences of environmental structures and materials. For the
case of large bandwidth and massive MIMO, it separates the
whole bandwidth into multiple sub-bands with bandwidths
no more than ¢/D, i.e., the ratio of the speed of light to
the maximum antenna aperture, and models the channel in
respective sub-bands separately.

The 3GPP channel model considers spatial consistency,
blockage effects, and atmosphere attenuation at mmWave

R-rays F-rays

D-rays

Fig. 14. D-rays, R-rays, and F-rays in IEEE 802.11ay channel model [205].

bands. However, the model has limited capabilities of simulat-
ing dual-mobility, antenna array non-stationarity, and spherical
waves in massive MIMO. Besides, only four scenarios, i.e.,
street canyon, UMa cell, rural macro (RMa) cell, and indoor
office, were parameterized.

H. IMT-2020 Channel Model

The IMT-2020 channel model [204] is a GBSM adopting
the IMT-Advanced channel model [148] and 3GPP TR36.873
channel model [212] as a baseline and captures many new fea-
tures such as supporting wide frequency range up to 100 GHz,
large bandwidth, 3D propagation modeling, spatial consisten-
cy, large antenna array, blockage modeling, etc. For mmWave
bands, the IMT-2020 channel model not only considered the
gaseous absorption but also incorporated the vegetation effects,
which are based on the fact that mmWave signals can be
attenuated and diffusely scattered by leaves and diffracted
around the canopy of trees. Similar to the 3GPP TR38.901, the
IMT-2020 channel model proposed a ground reflection model
and considered the frequency dependence of the channel. The
cluster number in IMT-2020 channel model was modeled as
a random number following the Poisson distribution with a
mean value of 3 to 10.

The IMT-2020 channel model also proposed two exten-
sion modules, which provide alternative methods to generate
channel parameters. The extension module below 6 GHz was
developed based on the TSP model, which is an extension
of IMT-Advanced TSP channel model. It took into account
environment-specific parameters such as street width, building
height, BS height, etc. The extension module above 6 GHz
was developed based on the 3GPP map-based hybrid model,
which provides an accurate and realistic simulation using
a specific geometrical environment. However, dual-mobility
simulation is not yet supported and only few scenarios have
been parameterized.

1. IEEE 802.11ay Channel Model

The IEEE 802.11ay channel model [205] is an extension of
IEEE 802.11ad channel model [64], which was developed for
the 60 GHz band (57-68 GHz). It adopted the Q-D channel
modeling approach inherited and extended from MiWEBA
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Fig. 15. A general 3D non-statioanry 5G GBSM [206].

model [9], i.e., the multipath of IEEE 802.11ay model is
composed of D-rays, R-rays, and F-rays. As is shown in
Fig. 14, the D-rays is relatively strong rays such as the LoS ray,
ground reflected ray, and other rays reflected from scenario-
important objects. The D-rays were modeled as scenario-
dependent. The R-rays are relatively week rays stemming
from refections off small or random objects whose position
cannot be estimated. The parameters of R-rays were modeled
stochastically following certain distributions. Specifically, the
amplitudes of R-rays were modeled as Rayleigh distributed,
the phases of R-rays were as uniformly distributed, and the
time of arrival follows a Poisson process. The F-rays stem
from refections off moving objects such as vehicles, and only
exist for relatively short durations. The F-rays were modeled
stochastically similar to the method in R-rays but with shorter
existence period.

The IEEE 802.11ad channel model is a SISO model and
only concentrated on indoor scenarios, i.e., conference room,
cubicle environment, and living room. The IEEE 802.11ay
channel model extended the IEEE 802.11ad model by provid-
ing MIMO usage. Based on the RT and measurement results,
the IEEE 802.11ay channel model covers more scenarios, such
as street canyon and open area. In most outdoor scenarios,
the D-rays, which contribute most to the propagation, are
composed of two components, i.e., the LoS ray and ground
reflected ray. However, the massive MIMO and high-mobility
are not supported.

J. MG5GCM

Recently, a more general 3D non-stationary 5G channel
model was proposed in [206]. The model can capture certain
characteristics of key 5G communication scenarios including
massive MIMO, HST, V2V, and mmWave communication
secnarios. As shown in Fig. 15, the proposed model was devel-
oped based on the WINNER II and SV models. The array-time
cluster evolution, i.e., clusters appearance and disappearance
on the time axis and array axis, were modeled as birth-death
processes. At each time instant, for new generated clusters, the
delays, powers, and angles were randomly generated based
on certain distributions. For survived clusters, parameters
were updated according to their geometrical relationships. The

spherical wavefront was calculated according to the physi-
cal location of clusters in order to support massive MIMO
communications. Considering the high temporal and spatial
resolution requirements of mmWave channel models, delays
and powers of rays within clusters were modeled unequally
and the numbers of rays within clusters were modeled as
Poisson distributed random variables. Besides, Doppler fre-
quencies at both sides were considered in order to support
V2V communications.

The MG5GCM combined several advanced channel mod-
eling technologies, such as array-time evolution, spherical
wavefront, intra-cluster delay spread, etc. It can meet most of
the 5G channel modeling requirements and at the same time
maintain the computational complexity relatively low. By set-
ting parameters properly, the model can be adapted to various
communication scenarios or reduced into various simplified
channel models. However, the MG5GCM only concentrated on
small-scale fading and neglected large-scale fading. Besides,
parameters of the model for different scenarios need to be
extracted from future channel measurements.

K. Comparison of General 5G Channel Models

Most of the general 5G channel models including QuaDRi-
Ga, mmMAGIC channel model, METIS channel model,
5GCMSIG, 3GPP TR38.901 channel model, IMT-2020 chan-
nel model, and MG5GCM adopted the WINNER-like frame-
work and extended it with additional modeling components
to meet the 5G channel modeling requirements. In order to
achieve a flexible and scalable simulation, the map-based
hybrid channel model was also adopted by the METIS channel
model, 3GPP TR38.901 channel model, and IMT-2020 chan-
nel model. Similar approach combining stochastic method and
deterministic method called Q-D based model was proposed
by MiWEBA and IEEE 802.11ay channel model. Most of
the general 5G channel models support an extremely wide
frequency range, e.g., from 0.45-100 GHz. Note that the
MiWEBA and IEEE 802.11ay channel model only concen-
tre on 60 GHz bands. For mmWave channel modeling, the
MiWEBA channel model, IEEE 802.11ay channel model,
3GPP TR38.901 channel model, mmMAGIC channel model,
IMT-2020 channel model, and the map-based channel model
considered the blockage and gaseous absorption effects, which
can exert a great influence on the propagation at mmWave
bands. Besides, only the MG5GCM can support the four most
challenging scenarios of 5G systems, i.e., massive MIMO
communications, V2V communications, HST communication-
s, and mmWave communications. A comprehensive compar-
ison of the above-mentioned general 5G channel models is
shown in Table IV.

V. FUTURE RESEARCH DIRECTIONS FOR 5G AND
B5G CHANNEL MEASUREMENTS AND MODELS

Apart from the above-mentioned topics, there are still many
debates over the specifications of future channel measurements
and models. Most future researches will focus on developing
channel models which are more efficient (combining multiple
modeling approaches), covering extremely wide frequency
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TABLE IV
COMPARISON OF GENERAL 5G CHANNEL MODELS.
2 3 <) = ;
= = g o N 5 g o E Z
a = x s & < N == ]
Feature g = a METIS 5 o = ) =i %
= = ) - o Q
S a s 3 E = g | ¢
GBSM, GBSM, TSP,
Modeling approach GBSM Q-D based GBSM stochastic | map-based GBSM, map-based GBSM, map-based Q-D based GBSM
model GGBSM ! GGBSM - model
hybrid model hybrid model
Frequency range (GHz) <6 57-66 0.45-100 up to 70 up to 100 0.5-100 0.5-100 6-100 0.5-100 57-68 -
’ 100 MHz (<
102 gl:;‘) 110 % of the 102 2/1:[174) 110 % of the 6GHz), 10%
Bandwidth - 2.16 GHz 1 GHz e center 2 center 2 GHz of the center | 2.64 GHz -
1 GHz @ 60 2GHz (> 6
frequency frequency frequency (> 6
GHz GHz)
GHz)
Support large array - yes yes no yes limited yes yes yes no yes
Support spherical waves no yes yes no yes no no yes no no yes
Support dual-mobility no yes no limited yes no no no no yes yes
Support 3D (elevation) yes yes yes yes yes yes yes yes yes yes yes

Support mmW no yes yes partly yes yes yes yes yes yes yes
Dynamic modeling yes limited yes no yes yes yes yes yes limited yes
Spatial consistenc, es es es shadow es es es es es no no

P S Yy ¥ y yes fading only y yes yes yes y!

High mobility yes no yes limited no yes limited yes limited no yes
Blockage modeling no yes no no yes yes yes yes yes yes no
Gaseous absorption no yes no no yes no yes yes yes yes no

-: There is no information in the related documents

bands (e.g., terahertz (THz) spectrum and visible light spec-
trum), concentrating on new scenarios (e.g., tunnel, under-
ground, underwater, and even human body), and combining
with other disciplines (e.g., big data and machine learning).

A. Combining Multiple Modeling Approaches

One of the future research directions is combining dif-
ferent kinds of channel models, such as GBSMs, NGSMs,
and deterministic models. GBSMs assume that scatterers are
distributed on geometric shapes. By adjusting a large number
of parameters, it is relatively easy to fit the statistical proper-
ties to measurement data. The deterministic channel models,
such as RT models, usually provide accurate and site-specific
predictions with high computational complexity. In [10], the
METIS proposed a hybrid channel model, which is composed
of a stochastic model, i.e., GBSM and a deterministic model,
i.e., map-based model. LSPs including path loss and shad-
owing were obtained from the map-based model, while the
GBSM generated the SSPs. The METIS hybrid channel model
provides a flexible and scalable channel modeling method and
aims to achieve a tradeoff between accuracy and computational
complexity.

The CBSMs are usually used to evaluate the performance of
massive MIMO systems due to their low complexity. However,
compared with GBSMs, the capability of spatial determinism
of CBSMs is very limited. In [86], a statistical block fading
channel model for multiuser massive MIMO system was
proposed. The model is able to capture the time/frequency
correlation as a CBSM and at the same time incorporated

spatial variations of massive channels as a GBSM. Recently,
a hardware channel emulator was implemented by combin-
ing a improved WINNER+ channel model and the sum-of-
frequency-modulation (SoFM) method [219]. Generally speak-
ing, the number of hybrid channel models in the literature
is very limited. How to combine different kinds of channel
models and take accuracy and efficiency into consideration
requires further investigation.

B. THz Communication Channel Modeling

The THz spectrum, ranging from 0.3 to 10 THz, lies
between mmWave and infrared lightwaves in the electro-
magnetic spectrum. THz spectrum is considered as a new
spectrum resource and has not been fully exploited [220].
However, because of the increasing demands for high speed
wireless access and the progress of semiconductor devices,
THz communication technologies have drawn increasing at-
tention of researchers. Benefitting from the large bandwidth,
THz communication is expected to provide a data rate of
100 Gbps or even higher [221]. However, due to the high
frequency bands, signals propagate at THz can experience
much larger free space path loss and atmosphere attenuation
than those in microwave frequency bands [222]. Therefore,
the THz communication system is most likely used in indoor
environments combined with beam-steering techniques. The
THz channel modeling is still in its preliminary phase and
only few THz channel models have been developed. Authors
in [223] proposed a GBSM for THz channels, which can be
used to investigate the physical characteristics of the THz
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channels and evaluate the system-level performance. A multi-
ray THz channel model based on RT techniques was proposed
and analyzed in [224], where the LoS, reflected, scattered,
and diffracted components were taken into account. More THz
channel models need to be developed in the future.

C. Visible Light Communication (VLC) Channel Modeling

Another promising spectrum resource receiving researcher-
s’ attention is visible light spectrum. The visible light lies
in the electromagnetic spectrum ranging from 430 THz to
790 THz, where the waves can be perceived by human eye
[225]. With the existing light emitting diode (LED) as source
transmitter, VLC can provide illumination and communication
simultaneously. VLC is considered as a promising supplement
to the current microwave-based communications and has many
attractive features. It is environment-friendly, energy-efficient,
economical, and highly-secure [2]. Compared to the channels
in microwave bands, VLC channels may exhibit much differ-
ent characteristics [226]. However, up to now, only few VLC
channel models have been developed. In [227] and [228], au-
thors proposed deterministic models for VLC channels based
on RT approach. In [229], authors proposed a geometry based
single-bounced (GBSB) channel model for VLC channels
based on a one-ring model. A more complicated geometry
based multiple-bounced (GBMB) model for VLC channels
was reported in [230]. The model was developed by combining
a two-ring model and an ellipse model. Up to three-order
reflections were considered in this model. A path loss channel
model for VLC in underground mine scenario was reported
in [231]. A comprehensive review of channel measurements
and models for optical wireless communications can be found
in [232]. More channel measurements and models for VLC
channels are required in the future.

D. Molecular Communication Channel Modeling

Molecular communication is an emerging nanoscale com-
munication technology and has a vast application prospect in
biomedical, industrial, and military fields. Different from the
traditional communication technology, molecular communica-
tion uses artificial cells, biomedical implants, or nanorobots
as transmitter and receiver, and conveys manmade messages
through exchanging molecules. Signal molecules propagate
from the transmitter to the receiver in a variety of ways
such as free space diffusion, molecular motor transfer, and
nano-tube delivery. Different messages are distinguished by
certain molecular patterns such as molecular concentration,
molecular type, and release time. Up to now, the number
of publications focusing on molecular channel modeling is
very limited. Authors in [233] and [234] derived the channel
capacity of molecular communication channels from the tra-
ditional mutual information formula. A linear channel model
for intra/inter-cellular Ca®" molecular communications was
proposed in [235], where the end-to-end channel model was
composed of three components, i.e., Ca%+ wave generation,
intercellular propagation, and intracellular propagation. The
bit error probability was obtained based on the proposed

channel model. A general channel model for molecular com-
munications called N3Sim was reported in [236]. N3Sim is
a simulation framework for diffusion-based molecular com-
munications. The diffusion of molecules was simulated as
Brownian motion in a fluid medium. The molecules inertia
and collisions were considered in the proposed model. The
molecular communication channel modeling has been studied
in the literature for only about ten years and more realistic
molecular communication channel models are required in the
future.

E. Channel Modeling for Special/Extreme Scenarios

5G networks should provide a seamless coverage over a
wide range of scenarios. However, some special or extreme
scenarios, such as tunnel, unmanned aerial vehicle (UAV),
underground, underwater/sea, fire communication secnarios,
etc., were rarely considered in the current channel modeling.
In general, modeling of these scenarios strongly depend on
the corresponding channel measurements due to their unique
environments and distinct propagation properties. For example,
in tunnel scenarios, the propagation environment is usually
a long enclosure space with circular- or rectangular-shaped
cross section with rough interior walls. The waveguide effects
caused by the limited space can have a great effect on
wave propagation. The channels for tunnel scenarios can be
modeled by various approaches, such as waveguide approach
[237], full-wave approach [238], finite-state Markov approach
[239], and geometry-based stochastic approach [146]. Unlike
any other existing wireless communications, the UAV com-
munication is the first communication technology that takes
full advantage of the 3D propagation space, which means
both the horizontal and vertical domains should be taken
into account in the UAV channel modeling. Since UAVs fly
above buildings and trees, the propagations between the air
and ground are more likely to be the LoS propagations. As
the propagation distance becomes larger, the LoS component
can be blocked by obstacles such as trees and buildings
and attenuates rapidly due to earth curvature [240]. Up to
now, only a few channel measurements concentrated on UAV
channels [241]-[244]. UAV channels can be modeled using
different approaches, such as deterministic models [245],
[246], NGSMs [247], [248], and GBSMs [249], [250]. Another
topic receiving increasing attention is underground channel
measurement and modeling. In underground environments,
the irregularity and roughness of interior walls can severely
attenuate the propagations, resulting in a larger value of PLE
than that in indoor environments [251]. Besides, soil texture,
moisture, depth, and distance between transmitter and receiver
can also impact the propagations in underground environments
[252]. The underground channel modeling heavily relies on
the distinct propagation properties, which have to be extracted
from extensive channel measurements. In the future, more
channels in special/extreme scenarios should be measured and
the propagation properties in those scenarios require further
investigation.
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F. Channel Modeling Based on Big Data Theories

The channel measurement is an essential step of 5G channel
modeling. Considering the wide frequency range, huge band-
width, large number of antennas, and diverse scenarios, the
volume of measurement data can be very large. Measurement
data processing is usually a time-consuming process and re-
quires great computational power [253], [254]. Analysis results
indicate that measurement data exhibits strong correlation in
multiple dimensions, such as time, space, frequency, etc. Note
that significant achievements in big data research field have
been obtained in recent years. It is reasonable to develop
channel models by taking advantage of big data theories,
such as data mining and machine learning. In [255], the
authors proposed a cluster-nuclei based channel model based
on big data theories. The cluster-nuclei was defined as a
cluster dominated in the CIR in diverse scenarios and can
correspond to the propagation environment with a certain
shape. Channel parameters were trained using a neural network
provided by measurement data. The CIR can be generated with
a limited number of cluster-nuclei. In general, the interdisci-
plinary research of big data and channel modeling is still in
a preliminary phase and can gain more attentions with the
development of big data theories.

VI. CONCLUSIONS

This paper has provided a comprehensive review of key top-
ics in 5G channel measurements and modeling. Requirements
for the 5G channel modeling have been provided. Existing
channel measurements and models for the most challenging
communication scenarios in 5G systems, i.e., massive MIMO
communication, V2V communication, HST communication,
and mmWave communication, have been reviewed and dis-
cussed. General channel models covering more 5G scenarios
have been introduced and a comparison of these models
has been provided. Future research directions for 5G and
B5G channel measurements and models have been outlined.
The 5G channel models should simulate wireless propagation
channels over an extremely wide frequency range, covering
various network topologies, and can be adapted to a great
number of scenarios. In the future, multiple channel modeling
approaches or hybrid channel modeling approaches rather than
one modeling approach may be adopted, in order to address
all the challenges caused by 5G systems and at the same
time, achieve a good trade-off between model accuracy and
complexity.

APPENDIX
List of Abbreviations
2D two-dimensional
3D three-dimensional
4G fourth generation
5G fifth generation
5GCM 5G Channel Model
6D six-dimensional
AAo0A azimuth angle of arrival
AAoD azimuth angle of departure
AASA azimuth angular spread of arrival

ACF
AFD
APDP
APS
B5G
BS
CBSM
CCF
CIR
CMD
COST

D2D
DPSS
EAoD
EASA
FCF
FIR
FSMC
GBMB
GBSB
GBSM
GGBSM

GO

GTD
HST

iid.
IS-GBSM

KBSM
LA
LCR
LED
LoS
LRS
LSP
METIS

MG5GCM
MIMO
MiWEBA

mmMAGIC

mmWave
MPC
MS
NGSM
NLoS
021
PAP
PAS
PDF
PDP
PEP
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temporal autocorrelation function
average fade duration

averaged power delay profile

angular power spectrum

beyond 5G

base station

correlation-based stochastic model
cross correlation function

channel impulse response

correlation matrix distance

European COoperation in the field of
Scientific and Technical research
device-to-device

discrete prolate spheroidal sequences
elevation angle of departure
elevation angular spread of arrival
frequency correlation function

finite impulse response

finite-state Markov chain

geometry based multiple-bounced
geometry based single-bounced
geometry-based stochastic model
grid-based geometry-based stochastic
model

geometrical optics

geometric theory of diffraction
high-speed train

independent and identically distributed
irregular-shaped geometry-based
stochastic model

Kronecker-based stochastic model
linear array

level crossing rate

light emitting diode

line-of-sight

local region stationarity

large-scale parameter

Mobile and wireless communications
Enablers for the Twenty-twenty
Information Society

more general 5G channel model
multiple-input multiple-output
Millimeter-Wave Evolution for Backhaul
and Access

mm-wave based Mobile radio Access
network for fifth Generation Integrated
Communications

millimeter wave

multipath component

mobile station

non-geometrical stochastic model
non line-of-sight

outdoor-to-indoor

power azimuth profile

power azimuth spectrum

probability density function

power delay profile

power elevation profile
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PLE path loss exponent

PSD power spectrum density

Q-D quasi-deterministic

QuaDRiGa QUAsi Deterministic Radlo channel
GernerAtor

RA rectangular array

RDA rotated directional antenna

RL ray-launching

RMS root-mean-square

RS-GBSM regular-shaped geometry-based stochastic
model

RT ray-tracing

SA spherical array

SAGE space-alternating generalized expectation-
maximization

SCM spatial channel model

SIG special interest group

SoFM sum-of-frequency-modulation

SSCM statistical spatial channel model

SSP small-scale parameter

SV Saleh-Valenzuela

TCSL time cluster-spatial lobe
TDL tapped delay line

THz terahertz

TSP time-spatial propagation
UAV unmanned aerial vehicle
UCA uniform cylindrical array
ULA uniform linear array
UMa urban macro

UMi urban micro

URA uniform rectangular array

US uncorrelated scattering

UTD uniform theory of diffraction
UVA uniform virtual array

V2v vehicle-to-vehicle

VLC visible light communication
VNA vector network analyzer

VR visibility region

WSS wide-sense stationary
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