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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 com-
munications, vehicle-to-vehicle communications, high-speed train
communications, and millimeter wave communications. Each of
these technologies introduces new propagation properties and
sets specific requirements on 5G channel modeling. Considering
the fact that channel models are indispensable for system design
and performance evaluation, accurate and efficient channel mod-
els covering various 5G technologies and scenarios are urgently
needed. This paper first summarizes the requirements of the
5G 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—5G communication systems, channel modeling
requirements, channel measurements, channel models, statistical
properties.

I. INTRODUCTION

THE FIFTH generation (5G) systems will enable peo-
ple 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 pro-
vide a data rate of several gigabits per second with ease.
Higher frequency propagation introduces severe path loss.
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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 com-
bining with massive multiple-input multiple-output (MIMO)
technologies. A high-gain steerable antenna array is able
to transmit or receive signals in specific directions, getting
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 cover-
age 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 sce-
narios, such as indoor, urban, suburban, rural area, etc.
All the above-mentioned technologies set new require-
ments 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
indoor/outdoor state should vary in a continuous and realistic
manner as a function of position [10].
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7) Frequency Dependency and Frequency Consistency:
The parameters and statistics of a new 5G channel model
should vary smoothly with the frequency. Channel parame-
ters and statistics at adjacent frequencies should have strong
correlations.

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 dis-
tance between the transceiver and cluster could be less than
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 view-
point 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 envi-
ronments 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 support
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 channels, such
as large Doppler frequency and non-stationarity. Furthermore,
the channel model has to work reliably in various HST sce-
narios, including open space, viaduct, cutting, hilly terrain,
tunnel, station scenarios, etc.

Although there are a large number of papers on 5G
channel measurements and models, the number of tuto-
rial/survey papers on 5G channel measurements and mod-
els is very limited. Besides, most of them concentrated
on certain topics, e.g., [13] and [14] for massive MIMO
communication scenarios, [15]–[17] for V2V communication
scenarios, [18] and [19] for HST communication scenar-
ios, [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 pre-
senting 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 characteris-
tics are introduced and their underlying propagation
mechanisms are discussed.

Fig. 1. APSs over the array in the LoS case [21].

2) The scenario-specific 5G channel models are presented.
For each scenario, the state-of-the-art modeling
approaches 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.

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 vari-
ous 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 mea-
surements 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 communi-
cation technologies. New propagation properties caused by 5G
communication technologies in different propagation environ-
ments 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 vir-
tual 128-element linear array was used at the base station (BS).
Significant variations of the channel gain, K-factor, and angu-
lar power spectrum (APS) over the linear array were observed.
As shown in Fig. 1, the angle of arrival (AoA) of the LoS
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path gradually shifts from 100◦ to 80◦ across the 7.3 m lin-
ear 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],
measurements were conducted at 15 GHz with a bandwidth
of 4 GHz. A virtual 40 × 40 (1600 elements) planar antenna
array was used and divided into several 7 × 7 sub-arrays
in order to investigate the non-stationary behaviors of mas-
sive 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 vir-
tual uniform rectangular array (URA). The element spacing
was set to half-wavelength and the total numbers of array ele-
ments for the four mmWave bands were 51 × 51, 76 × 76,
91 × 91, and 121 × 121. The multipath component (MPC)
parameters were extracted using the space-alternating gener-
alized 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.
Measurements 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 signifi-
cant array non-stationarity and better user decorrelation, and
can achieve higher sum-rate capacities compared to the chan-
nels using UCA. Besides, the massive MIMO channels in both
cases have better spatial separation, user channel orthogonal-
ity, and channel 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) rect-
angular 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 distribu-
tion 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 scenar-
ios 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 environ-
ments 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 measurements 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 subur-
ban scenarios and found that both the RMS delay spread and
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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). Sen and Matolak [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 of a
wide range of V2V channel measurements, Bernadó et al. [36]
proved that the fading processes of V2V channels are nei-
ther wide-sense stationary (WSS) nor uncorrelated scattering
(US). Herdin et al. [37] investigated the non-stationarity of
V2V channels using a metric called correlation matrix distance
(CMD), which is defined as the distance between channel cor-
relation 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 dif-
ferent 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 con-
ducted, including 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], measure-
ments 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 scenar-
ios. 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. Luan et al. [47] indicate that the path loss of HST
channels in hilly scenarios fits a two-slope curve.

He et al. [43], [44] characterized the small-scale fading of
HST channels by fade depth, which is defined as the dif-
ference 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. He et al. [43] illus-
trated that the fading envelopes fit the Ricean distribution.
K-factor is an important parameter to characterize the fad-
ing envelopes of HST channels, which indicates the power
ratio of the LoS component to all other scattering compo-
nents. He et al. [39], [41] 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. Chen et al. [45], [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 Chen et al. [45] adopted
the CMD [37] to analyze the non-stationarity of HST chan-
nels regarding the changes of the spatial structure of the
MIMO channel. Tian and Zhang [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
severe 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 [52]–[56] were carried out at 28 GHz, 38 GHz, 60 GHz,
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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 absorp-
tion and rain attenuation can also lead to a significant power
loss at mmWave bands. Measurements in [57] show that atten-
uations caused by atmospheric absorption and heavy rain at
28 GHz over a distance of 200 m are about 0.012 dB and
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 [58]. 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 [59].

Zhao et al. [60] 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 gen-
erally 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 pene-
trate into the walls between indoor and outdoor. However, it
helps to reduce inter-cell interference. More detailed reflec-
tion coefficients and penetration losses of different materials
at mmWave bands were reported in [60]–[62].

The high frequency or short wavelength of mmWave results
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 [63]. Measurements in [64] were per-
formed in an office at 60 GHz with a 800 MHz bandwidth
and using directional antennas of 18 dB. It was shown that
the powers of the LoS component, first-order reflection com-
ponents, and second-order reflection components are about
30 dB, 15–20 dB, and 2–6 dB over noise level, respectively.
Measurements in [65] 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 dif-
fuse scattering and less reflections at mmWave bands [66].
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 [67]–[70]. In the spatial
domain, measurements in [5], [20], and [70]–[72] show that
the number of scattering clusters in mmWave bands is much
less than that in frequency bands of below 6 GHz. In [73],

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 fac-
tor, 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.

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 [62].
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 Maxwell 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 char-
acteristics 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.

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 2L2/λ, where L is the aperture size of
the antenna array and λ is the wavelength [74]. Therefore,
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TABLE I
IMPORTANT 5G CHANNEL MEASUREMENTS

the far-field condition is not fulfilled. The spherical wavefront
instead of plane wavefront should be considered. Besides, mas-
sive MIMO channels are strikingly characterized by their array
non-stationarity. Specifically, different antennas can see dif-
ferent 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. Wu et al. [74]–[76] and
Chen et al. [77] proposed 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 [78], where Lopez et al.
proposed a 2D WINNER-like massive MIMO channel model.
The cluster generation and 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 spher-
ical wavefront, i.e., parabolic wavefront, which can model
linear angular drifts of MPCs over large arrays and at the
same time reduce computational complexity. The relationships
among plane wavefront, spherical wavefront, and parabolic
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Fig. 2. Classification of 5G channel models.

TABLE II
DEFINITIONS OF CHANNEL MODELING APPROACHES

wavefront can be expressed as [78]

Rc,p =
√

R2
c + x2

p − 2Rcxp cos(α)
︸ ︷︷ ︸

sphericalwavefront

≈
planewavefront︷ ︸︸ ︷

Rc − xp cos(α) +
x2
p

2Rc
sin2(α)

︸ ︷︷ ︸
parabolicwavefront

(1)

where Rc,p and Rc are the distances from the cth cluster to
the pth antenna element and to the reference antenna element
of the BS array, respectively, xp is the spacing between the
pth antenna element and the reference antenna element of the
BS array, and α is the difference between the tilt angle of
the ULA at the BS and the AAoD of the wave transmitting
from the pth antenna element and impinging on the cth cluster.
Recently, the authors extended the parabolic wavefront in [78]
into the 3D space and time domain [79]. The two-state Markov
process and shadowing processes were used to capture the
non-stationary properties in spatial and temporal domains.

Martinez et al. [80] also proposed a WINNER-type mas-
sive MIMO channel model. Different from the model in [78],
where the array non-stationarity was modeled using a two-
state Markov process, the array non-stationarity in [80] was
modeled by dividing the BS array into several sub-arrays.

Fig. 3. Extension of cluster visibility regions to the base station side [81].

The length of each sub-array is determined by the station-
ary 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 [78], the
spherical wavefront in [80] was accurately calculated based
on the clusters’ delays and angles.

Gao et al. [81], [82] proposed massive MIMO channel
models based on COST 2100 channel model [83]. 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 rep-
resented 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,
Xie et al. [84] 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, Dahiya [85] and Joung et al. [86]
developed massive MIMO channel models based on
correlation-based stochastic models (CBSMs). In [87], a
Kronecker-based stochastic model (KBSM) was developed for
massive MIMO systems by introducing a birth-death pro-
cess over the array. Yu et al. [88] proposed an empirical
massive MIMO channel matrix model based on channel mea-
surements. The channel matrix is represented as sum of a
fixed matrix and a random matrix. The latter characterized the
transmitting/receiving correlations and their coupling. In [89],
a packet-level channel model based on a finite-state Markov
chain (FSMC) was proposed for massive MIMO channels.
Besides the aforementioned stochastic models, deterministic
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models such as ray-tracing (RT) model [90], ray-launching
(RL) model [91], 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
communications, both the transmitter and the receiver are rel-
atively 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 [92]–[94]. The two-ring model assumes that
the transmitter and receiver are surrounded by large num-
bers of local scatterers located on two regular rings. The
statistical properties such as temporal autocorrelation func-
tion (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 [95]. The
model took into account the LoS, single-bounced, and double-
bounced components, making the model suitable for both
micro- and macro-cells. By employing multiple scattering
rings, the narrowband two-ring model was extended to wide-
band models [96], [97]. A further advance was presented
in [98]–[100], where Cheng et al. proposed an adaptive V2V
model by combining a two-ring model and an ellipse model.
Through changing the power proportion of different propaga-
tion 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 [101],
where the obtained expressions can incorporate many exist-
ing 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 [102]. 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 appli-
cation 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 [103], [104], T-Junction scattering
model [105], [106], blind corner scattering model [107] 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,

Fig. 4. A typical V2V propagation environment [120].

wave propagations in both the horizontal and the vertical
planes have to be considered. Zajić and Stüber [108] proposed
a 3D two-cylinder based V2V channel model, in which the
scatterers were assumed to lie on the surfaces of two cylin-
ders. The wideband version of the 3D two-cylinder model
and its experimental verification can be found in [109]–[111].
Yuan et al. [112], [113] extended the work of [98] 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
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 [114]–[116], where
V2V channel models were developed by taking into account
both fixed scatterers and moving scatterers. Extra Doppler
frequency shifts due to moving scatterers were considered.
Few V2V models considered diffused scattering components,
which can be stemmed from trees on the roadside [117].
Czink et al. [118] modeled the diffuse scattering using the
low-complex multi-dimensional discrete prolate spheroidal
sequences (DPSS). More general models were reported
in [12], [119], and [120]. In Fig. 4, a typical V2V propaga-
tion environment is illustrated. The transmitter and receiver
move in the same direction with the speeds of vT (t) and
vR(t), respectively. An irregular-shaped GBSM (IS-GBSM)
was developed by taking into account the LoS component,
discrete components reflected from mobile scatterers, e.g.,
other vehicles, discrete components reflected from fixed scat-
terers, 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 chan-
nel modeling. In TDL models, the channel impulse response
(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 ran-
dom process with amplitudes following Rayleigh, Ricean, or
Weibull distributions [121]. The early TDL-based V2V mod-
els were developed based on a series of measurements in cities
and highways by Acosta-Marum and Ingram [122]–[125].
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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 [126]. In [15], [31], and [127], non-stationary corre-
lated 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 pro-
cess”, which is controlled by a first-order two-state Markov
chain. Further data analysis illustrates that V2V channels ful-
fill neither WSS assumption, nor classical US assumption.
The tap correlations of the models were 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 construc-
tions which can represent realistic propagation environments
by adjusting a large number of parameter configurations. A
comprehensive comparison between GBSMs and TDL models
for V2V channels was given in [120].

Deterministic models such as RT models were also adopted
for V2V channel modeling. Early RT-based V2V models can
be found in [128]–[131]. Reichardt et al. [132] 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 mea-
surement results [133], [134]. 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], [135]. 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 [136], fast handover [137], and adapting to
diverse HST propagation environments [138], 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. Chen and Zhong [139] proposed a one-
sphere channel model for open space HST scenario. The scat-
terers were assumed to be located on the surface of a sphere
with the train located at the center. A non-stationary wide-
band ellipse channel model for HST communication system
was proposed in [18] and [140]. As shown in Fig. 5, scatter-
ers 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 cal-
culated 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

Fig. 5. A multiple confocal ellipses HST channel model [18].

scenario-specific parameters, the authors further extended the
model in [140] into a more general one [141], which can
be applied to the three most common HST scenarios, i.e.,
open space, viaduct, and cutting scenarios. Zhou et al. [142]
proposed a GBSM that combined a one-ring model and an
elliptical model for HST viaduct scenario. The channel param-
eters including the K-factor and Doppler PSD were obtained
from channel measurements. A GBSM for HST cutting sce-
nario was proposed in [143]. Channel parameters, including
PLE and K-factor were extracted from measurement data. The
cluster size was calculated based on cutting structure and chan-
nel parameters. A 3D cylinder-shape GBSM for HST tunnel
scenario was proposed in [19] and [144]. The model con-
sidered 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 [145]. 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 characteris-
tics, 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 [146] 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 [147], 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 [148]. 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 [149]. The HST propagation environment was divided into
two regions, i.e., Region 1: the train is under the BS anten-
nas, so called bottom area, and Region 2: the train is out of
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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 vari-
ations 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. Lin et al. [150] and Li et al. [151] developed chan-
nel models for HST communication system based on FSMCs,
providing an effective way to capture fast fading features of
the HST channels. A position-based TDL model for HST com-
munication system was proposed in [49]. Parameters such as
K-factor, Doppler frequency, and delay spread were param-
eterized based on extensive HST channel measurements and
modeled as functions of train position and transceiver separa-
tion. Based on the “on/off” TDL model in [31], Liu et al. [152]
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 [153], 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”, “01” denotes the previous state is
“off” and the present state is “on”, etc. Tian et al. [155]
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 scat-
terers) 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 [156], 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
results show that the Doppler spreads are reduced and the
receive powers are increased when using directional antennas
instead of omnidirectional antennas. In [157], a deterministic
HST channel model was proposed which took into account all
the transmission mechanisms existing in realistic HST prop-
agation 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 diffrac-
tion model based on the raster database. A RT-based channel
model focusing on composite HST scenario was proposed
in [158]. 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
proposed in [159] by combining a GO model and a waveg-
uide model. Statistics such as temporal ACF and PSD were
derived.

Fig. 6. A propagation graph with four transmit vertices, three receive vertices,
and six scatterer vertices [154].

D. mmWave Channel Models

A 3GPP-like mmWave channel model called statistical
spatial channel model (SSCM) [70], [71], [160] was devel-
oped by Theodore S. Rappaport’s team based on extensive
mmWave channel measurements in the 28/38/60/73 GHz
bands [5], [20], [54], [56], [161]–[166]. The SSCM extended
the existing 3GPP model with higher temporal and spatial res-
olution 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 continu-
ously 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 nanosec-
onds. 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

homni
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−→
Φ

)
=
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n=1

Mn∑
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where N and Mn are the number of TCs and the num-
ber of subpaths in the n-th TC, respectively, am,n , ϕm,n ,
and τm,n are the magnitude, phase, and delay of the m-
th subpath in the n-th TC, respectively,

−→
Θm,n and

−→
Φm,n

are the departure and arrival angle unit vectors, respectively.
Similar approaches can be found in [10], [72], and [167]–
[170], 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),
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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 [70].

Fig. 8. Measured PAS where two SLs have a −10 dB power threshold [70].

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 drift-
ing 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 [171] are
also popularly used in mmWave channel modeling due to its
simple structure. The CIR of the SV model is given by

h(t) =
∞∑
l=0

∞∑
k=0

βkle
jφkl δ(t − Tl − τkl ) (3)

where Tl denotes the delay of the l-th cluster, βkl , φkl , and
τkl are the amplitude, phase, and delay of the k-th arrival
ray within the l-th cluster, respectively. The mmWave chan-
nel model in [172] 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, 2π) 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 802.15.3c channel model [173], where the
SV model was extended by incorporating angular informa-
tion based on the channel measurements between 57–64 GHz.
A mmWave channel model for desktop environment was
proposed in [174]. It was developed based on the measure-
ments 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 rep-
resenting NLoS components. In [73], a series of channel
measurements at 60 GHz were conducted in an indoor office
environment. Parameters including power, delay, azimuth
angle, and elevation angle were extracted using the SAGE
algorithm and an extended SV-based model with angular infor-
mation 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 surround-
ing environments. However, EAoDs are more sensitive to the
antenna height difference. More complicated 3D SV-based
mmWave channel models with inter- and intra-cluster parame-
ters for indoor environments were presented in IEEE 802.11ad
channel model [63], [175]. The model was developed based
on indoor channel measurements and RT simulation results at
60 GHz [64], [176]. 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 com-
ponents, 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 instan-
taneous powers are Rayleigh-distributed. An extension of the
IEEE 802.11ad channel model was reported in [177]. 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, Haneda et al. [178]
adopted a simpler structure instead of the cluster struc-
ture, which is widely used in IEEE 802.15.3c/802.11ad and
3GPP/WINNER models. The path angles were assumed to
be uniformly distributed and the arrival of paths was mod-
eled 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 conven-
tional bands. Other NGSMs such as the TDL channel model
were also used in mmWave channel modeling. In [179], an
indoor channel model for 60 GHz was proposed. The FIR
filter coefficients were obtained based on wideband mmWave
channel measurements. In [180], the TDL model for 27.4 GHz
was extended by using random variable parameters and applied
in the outdoor mmWave channel modeling.
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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 [181], [182],
town square [183], indoor [184], [185], corridor [186], passen-
ger cabin [187], HST [188], tunnel scenarios [189], etc. Apart
from the RT approach, Järveläinen et al. [190]–[192] 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
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 [193]. 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 [194], 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 [195], 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 devel-
oped 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 [83],
[196], MiWEBA channel model [9], [197], QuaDRiGa [198],
[199], mmMAGIC channel model [72], METIS channel
model [10], 5GCMSIG [170], 3GPP channel model [200],
IMT-2020 channel model [201], IEEE 802.11ay [202], and
more general 5G channel model (MG5GCM) [203]. 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 II 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 combin-
ing 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 [204]. It was used
as an alternative modeling method to generate channel param-
eters 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)
modeling 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 [205] and COST 273 channel model [206]. 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 clus-
ters 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 cor-
responds 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
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TABLE III
IMPORTANT SCENARIO-SPECIFIC 5G CHANNEL MODELS

Fig. 9. Three kinds of clusters in COST 2100 channel model [83].

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], [54], [63], and [207] illustrated that in mmWave
propagations, the LoS and low-order reflection components
constitute most of the receiving power, whereas the power of
diffraction components is relatively trivial. Considering the
quasi-optical nature of 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
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Fig. 10. CIR structure of MiWEBA model [9].

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.

The MiWEBA channel model supports several new commu-
nication technologies such as beamforming, massive MIMO
communications, and D2D communications. It considers the
ratio of diffusion to specular reflection components and sup-
ports time evolution. However, for the first version (D5.1),
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+
channel model and was extended to support several new fea-
tures [198]. 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 corre-
lated 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 [208]. 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 [198], [199]. 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 com-
bined the independent segments into a long time sequence of
channel coefficients using overlapping regions, in which old

Fig. 11. Transitions between segments and obtaining the velocity variations
by interpolation [198].

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, mas-
sive MIMO antennas, multi-user, multi-cell, and multi-hop
networks. However, dual-mobility is not supported in the cur-
rent version. Furthermore, the QuaDRiGa only adopted the
WINNER-like 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 [209]) 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 mea-
surement results. The clusters and rays were modeled using
an extended SV model [171] 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
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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
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 reflec-
tion, 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 complex-
ity. 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 communications, 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 gener-
ate spatially consistent LSPs, resulting in high computational
complexity. The METIS proposes a novel sum of sinusoids
approach to generate spatially consistent LSPs [210], [211],
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 spheri-
cal 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 mod-
els [212]. 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 loca-
tions 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.

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

Fig. 13. Grid points separated by ΔGP in the xy plane [212].

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 5GCMSIG [170] 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
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 5GCMSIG
proposed three modeling methods to address these challenges,
i.e., spatially consistent random variable method, geomet-
ric stochastic method, and grid-based method (similar to the
METIS model [212]).

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 spe-
cific 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.
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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 [213]. 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 [214]. 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.

The 5GCMSIG covers several new scenarios such as sta-
dium, shopping mall, and street canyon. It provides smooth
time evolution and spatially consistent simulations on both
LSPs and SSPs. However, dual-mobility and spherical wave-
front modeling are not yet supported. The 5GCMSIG provides
different methods to achieve spatial consistency. How to evalu-
ate those methods in different communication scenarios should
be addressed in the future.

G. 3GPP Channel Model

The latest 3GPP channel model (3GPP TR38.901) [200]
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 deter-
mined unequally. Offset angles of rays within a cluster were
generated 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 parame-
ters, MS moving velocity, and the initial location of the MS.
Measurements 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 [215]. In the
3GPP channel model, parameters such as delay spread, angular
spread, and cluster power were modeled as frequency depen-
dent. 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

deterministic component, as introduced in [10], was estab-
lished 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 c/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
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 [201] is a GBSM adopting
the IMT-Advanced channel model [146] and 3GPP TR36.873
channel model [209] as a baseline and captures many new
features such as supporting wide frequency range up to
100 GHz, large bandwidth, 3D propagation modeling, spa-
tial consistency, 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 depen-
dence 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, build-
ing 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.

I. IEEE 802.11ay Channel Model

The IEEE 802.11ay channel model [202] is an extension
of IEEE 802.11ad channel model [63], which was developed
for the 60 GHz band (57–68 GHz). It adopted the Q-D chan-
nel modeling approach inherited and extended from MiWEBA
model [9], i.e., the multipath of IEEE 802.11ay model is com-
posed 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 weak rays stemming from refections off
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Fig. 14. D-rays, R-rays, and F-rays in IEEE 802.11ay channel model [202].

Fig. 15. A general 3D non-statioanry 5G GBSM [203].

small or random objects whose position cannot be estimated.
The parameters of R-rays were modeled stochastically fol-
lowing 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 rela-
tively 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 [203]. The model can capture certain
characteristics of key 5G communication scenarios includ-
ing massive MIMO, HST, V2V, and mmWave communication

secnarios. As shown in Fig. 15, the proposed model was
developed based on the WINNER II and SV models. The
array-time cluster evolution, i.e., clusters appearance and dis-
appearance on the time axis and array axis, were modeled
as birth-death processes. At each time instant, for new gener-
ated clusters, the delays, powers, and angles were randomly
generated based on certain distributions. For survived clusters,
parameters were updated according to their geometrical rela-
tionships. The spherical wavefront was calculated according
to the physical location of clusters in order to support mas-
sive MIMO communications. Considering the high temporal
and spatial resolution requirements of mmWave channel mod-
els, delays and powers of rays within clusters were modeled
unequally and the numbers of rays within clusters were mod-
eled as Poisson distributed random variables. Besides, Doppler
frequencies at both sides were considered in order to support
V2V communications.

The MG5GCM combined several advanced channel
modeling 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
QuaDRiGa, mmMAGIC channel model, METIS channel
model, 5GCMSIG, 3GPP TR38.901 channel model, IMT-2020
channel model, and MG5GCM adopted the WINNER-like
framework and extended it with additional modeling com-
ponents 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 channel 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 concentre on 60 GHz bands. For mmWave channel
modeling, the MiWEBA channel model, IEEE 802.11ay chan-
nel model, 3GPP TR38.901 channel model, mmMAGIC chan-
nel model, IMT-2020 channel model, and the map-based chan-
nel model considered the blockage and gaseous absorption
effects, which can exert a great influence on the propaga-
tion 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 communications, and mmWave communications. A com-
prehensive comparison of the above-mentioned general 5G
channel models is shown in Table IV.
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TABLE IV
COMPARISON OF GENERAL 5G CHANNEL MODELS

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 measure-
ments and models. Most future researches will focus on
developing channel models which are more efficient (combin-
ing multiple modeling approaches), covering extremely wide
frequency bands (e.g., terahertz (THz) spectrum and visible
light spectrum), concentrating on new scenarios (e.g., tun-
nel, underground, 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 differ-
ent kinds of channel models, such as GBSMs, NGSMs, and
deterministic models. GBSMs assume that scatterers are dis-
tributed 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 [85], a sta-
tistical 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 imple-
mented by combining a improved WINNER+ channel model
and the sum-of-frequency-modulation (SoFM) method [216].
Generally speaking, 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 electromag-
netic spectrum. THz spectrum is considered as a new spectrum
resource and has not been fully exploited [217]. However,
because of the increasing demands for high speed wireless
access and the progress of semiconductor devices, THz com-
munication technologies have drawn increasing attention of
researchers. Benefitting from the large bandwidth, THz com-
munication is expected to provide a data rate of 100 Gbps
or even higher [218]. 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 [219]. Therefore, the THz
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communication system is most likely used in indoor envi-
ronments combined with beam-steering techniques. The THz
channel modeling is still in its preliminary phase and only few
THz channel models have been developed. Choi et al. [220]
proposed a GBSM for THz channels, which can be used to
investigate the physical characteristics of the THz channels
and evaluate the system-level performance. A multi-ray THz
channel model based on RT techniques was proposed and
analyzed in [221], 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 researchers’
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 [222]. With the existing light emitting diode (LED) as
source transmitter, VLC can provide illumination and com-
munication 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 different characteristics [223]. However, up to
now, only few VLC channel models have been developed.
Miramirkhani et al. [224] and Miramirkhani and Uysal [225]
proposed deterministic models for VLC channels based on
RT approach. Al-Kinani et al. [226] proposed a geometry
based single-bounced (GBSB) channel model for VLC chan-
nels based on a one-ring model. A more complicated geometry
based multiple-bounced (GBMB) model for VLC channels
was reported in [227]. The model was developed by combin-
ing 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 [228]. A comprehensive review of channel measurements
and models for optical wireless communications can be found
in [229]. 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 publica-
tions focusing on molecular channel modeling is very limited.
Nakano and Liu [230] and Nakano et al. [231] derived the
channel capacity of molecular communication channels from

the traditional mutual information formula. A linear channel
model for intra/inter-cellular Ca2+ molecular communications
was proposed in [232], where the end-to-end channel model
was composed of three components, i.e., Ca2+ wave gener-
ation, 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 [233]. 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 envi-
ronments and distinct propagation properties. For example, in
tunnel scenarios, the propagation environment is usually a long
enclosure space with circular- or rectangular-shaped cross sec-
tion with rough interior walls. The waveguide effects caused
by the limited space can have a great effect on wave propa-
gation. The channels for tunnel scenarios can be modeled by
various approaches, such as waveguide approach [234], full-
wave approach [235], finite-state Markov approach [236], and
geometry-based stochastic approach [144]. Unlike any other
existing wireless communications, the UAV communication is
the first communication technology that takes full advantage
of the 3D propagation space, which means both the horizon-
tal 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 obsta-
cles such as trees and buildings and attenuates rapidly due to
earth curvature [237]. Up to now, only a few channel mea-
surements concentrated on UAV channels [238]–[241]. UAV
channels can be modeled using different approaches, such
as deterministic models [242], [243], NGSMs [244], [245],
and GBSMs [246], [247]. 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 envi-
ronments [248]. Besides, soil texture, moisture, depth, and
distance between transmitter and receiver can also impact
the propagations in underground environments [249]. The
underground channel modeling heavily relies on the dis-
tinct propagation properties, which have to be extracted from
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extensive channel measurements. In the future, more chan-
nels in special/extreme scenarios should be measured and
the propagation properties in those scenarios require further
investigation.

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
requires great computational power [250], [251]. Analysis
results indicate that measurement data exhibits strong corre-
lation 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 the-
ories, such as data mining and machine learning. Zhang [252]
proposed a cluster-nuclei based channel model based on big
data theories. The cluster-nuclei was defined as a cluster dom-
inated 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 lim-
ited number of cluster-nuclei. In general, the interdisciplinary
research of big data and channel modeling is still in a prelimi-
nary phase and can gain more attentions with the development
of big data theories.

VI. CONCLUSION

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 chan-
nels over an extremely wide frequency range, covering various
network topologies, and can be adapted to a great num-
ber 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
AAoA azimuth angle of arrival
AAoD azimuth angle of departure
AASA azimuth angular spread of arrival
ACF temporal autocorrelation function
AFD average fade duration
APDP averaged power delay profile
APS angular power spectrum
B5G beyond 5G
BS base station
CBSM correlation-based stochastic model
CCF cross correlation function
CIR channel impulse response
CMD correlation matrix distance
COST European COoperation in the field of

Scientific and Technical research
D2D device-to-device
DPSS discrete prolate spheroidal sequences
EAoD elevation angle of departure
EASA elevation angular spread of arrival
FCF frequency correlation function
FIR finite impulse response
FSMC finite-state Markov chain
GBMB geometry based multiple-bounced
GBSB geometry based single-bounced
GBSM geometry-based stochastic model
GGBSM grid-based geometry-based stochastic model
GO geometrical optics
GTD geometric theory of diffraction
HST high-speed train
i.i.d. independent and identically distributed
IS-GBSM irregular-shaped geometry-based stochastic

model
KBSM Kronecker-based stochastic model
LA linear array
LCR level crossing rate
LED light emitting diode
LoS line-of-sight
LRS local region stationarity
LSP large-scale parameter
METIS Mobile and wireless communications

Enablers for the Twenty-twenty Information
Society

MG5GCM more general 5G channel model
MIMO multiple-input multiple-output
MiWEBA Millimeter-Wave Evolution for Backhaul and

Access
mmMAGIC mm-wave based Mobile radio Access

network for fifth Generation Integrated
Communications

mmWave millimeter wave
MPC multipath component
MS mobile station
NGSM non-geometrical stochastic model
NLoS non line-of-sight
O2I outdoor-to-indoor
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PAP power azimuth profile
PAS power azimuth spectrum
PDF probability density function
PDP power delay profile
PEP power elevation profile
PLE path loss exponent
PSD power spectrum density
Q-D quasi-deterministic
QuaDRiGa QUAsi Deterministic RadIo 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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[111] A. G. Zajić, G. L. Stüber, T. G. Pratt, and S. T. Nguyen,
“Wideband MIMO mobile-to-mobile channels: Geometry-based sta-
tistical modeling with experimental verification,” IEEE Trans. Veh.
Technol., vol. 58, no. 2, pp. 517–534, Feb. 2009.

[112] Y. Yuan, C.-X. Wang, X. Cheng, B. Ai, and D. I. Laurenson, “Novel
3D geometry-based stochastic models for non-isotropic MIMO vehicle-
to-vehicle channels,” IEEE Trans. Wireless Commun., vol. 13, no. 1,
pp. 298–309, Jan. 2014.

[113] Y. Yuan, C.-X. Wang, Y. He, M. M. Alwakeel, and E. H. M. Aggoune,
“3D wideband non-stationary geometry-based stochastic models
for non-isotropic MIMO vehicle-to-vehicle channels,” IEEE Trans.
Wireless Commun., vol. 14, no. 12, pp. 6883–6895, Dec. 2015.

[114] A. Chelli and M. Pätzold, “The impact of fixed and moving scatterers
on the statistics of MIMO vehicle-to-vehicle channels,” in Proc. IEEE
VTC, Barcelona, Spain, Apr. 2009, pp. 1–6.
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[208] K. Bąkowski and K. Wesołowski, “Change the channel,” IEEE Veh.
Technol. Mag., vol. 6, no. 2, pp. 82–91, Jun. 2011.

[209] “3rd generation partnership project, technical specification group radio
access network, study on 3D channel model for LTE (release 12),
V12.0.0,” 3GPP, Sophia Antipolis, France, Rep. TR 36.873, Jun. 2015.

[210] T. Jämsä and P. Kyösti, “Device-to-device extension to geometry-
based stochastic channel models,” in Proc. EuCAP, Lisbon, Portugal,
May 2015, pp. 1–4.

[211] Z. Wang, E. K. Tameh, and A. R. Nix, “A sum-of-sinusoids based
simulation model for the joint shadowing process in urban peer-to-
peer radio channels,” in Proc. IEEE VTC-Fall, vol. 3. Dallas, TX, USA,
Sep. 2005, pp. 1732–1736.

[212] V. Nurmela et al., Initial Channel Models Based on Measurements,
document ICT-317669/D1.2, METIS, New York, NY, USA, Apr. 2014.

[213] “Spatial channel model for multiple input multiple output (MIMO) sim-
ulations, release 12,” 3GPP, Sophia Antipolis, France, Rep. TR 25.996
v12.0.0, Sep. 2014.

[214] Y. Wang, L. Huang, Z. Shi, K. Liu, and X. Zou, “A millimeter wave
channel model with variant angles under 3GPP SCM framework,” in
Proc. IEEE PIMRC Workshop, Hong Kong, Aug. 2015, pp. 2249–2254.

[215] N. Iqbal et al., “Frequency and bandwidth dependence of millime-
ter wave ultra-wide-band channels,” in Proc. EUCAP, Paris, France,
Mar. 2017, pp. 141–145.

[216] Q. Zhu et al., “A novel 3D non-stationary wireless MIMO chan-
nel simulator and hardware emulator,” IEEE Trans. Commun., to be
published.

[217] H.-J. Song and T. Nagatsuma, “Present and future of terahertz commu-
nications,” IEEE Trans. THz Sci. Technol., vol. 1, no. 1, pp. 256–263,
Sep. 2011.

[218] T. Küner, “Towards future THz communications systems,” THz. Sci.
Technol., vol. 5, no. 1, pp. 11–17, 2012.

[219] “Attenuation by atmospheric gases,” Int. Telecommun. Union, Geneva,
Switzerland, ITU-R Recommendation P.676-8, 2009.

[220] Y. Choi, J.-W. Choi, and J. M. Cioffi, “A geometric-statistic chan-
nel model for THz indoor communications,” J. Infrared Millim. THz.
Waves, vol. 34, no. 7, pp. 456–467, 2013.

[221] C. Han, A. O. Bicen, and I. F. Akyildiz, “Multi-ray channel modeling
and wideband characterization for wireless communications in the
terahertz band,” IEEE Trans. Wireless Commun., vol. 14, no. 5,
pp. 2402–2412, May 2015.

[222] P. H. Pathak, X. Feng, P. Hu, and P. Mohapatra, “Visible light commu-
nication, networking, and sensing: A survey, potential and challenges,”
IEEE Commun. Survey Tuts., vol. 17, no. 4, pp. 2047–2077, 4th Quart.,
2015.

[223] Y. A. Alqudah and M. Kavehrad, “MIMO characterization of indoor
wireless optical link using a diffuse-transmission configuration,” IEEE
Trans. Commun., vol. 51, no. 9, pp. 1554–1560, Sep. 2003.



WANG et al.: SURVEY OF 5G CHANNEL MEASUREMENTS AND MODELS 3167

[224] F. Miramirkhani, O. Narmanlioglu, M. Uysal, and E. Panayirci,
“A mobile channel model for VLC and application to adaptive
system design,” IEEE Commun. Lett., vol. 21, no. 5, pp. 1035–1038,
May 2017.

[225] F. Miramirkhani and M. Uysal, “Channel modeling and characteriza-
tion for visible light communications,” IEEE Photon. J., vol. 7, no. 6,
pp. 1–16, Dec. 2015.

[226] A. Al-Kinani, C.-X. Wang, H. Haas, and Y. Yang, “Characterization
and modeling of visible light communication channels,” in Proc. VTC-
Spring, Nanjing, China, May 2016, pp. 1–5.

[227] A. Al-Kinani, C.-X. Wang, H. Haas, and Y. Yang, “A geometry-based
multiple bounce model for visible light communication channels,” in
Proc. IWCMC, Paphos, Cyprus, Sep. 2016, pp. 31–37.

[228] J. Wang, A. Al-Kinani, W. Zhang, C.-X. Wang, and L. Zhou, “A general
channel model for visible light communications in underground mines,”
China Commun., vol. 15, no. 9, pp. 95–105, Sep. 2018.

[229] Al-Kinani, C.-X. Wang, L. Zhou, and W. Zhang, “Channel mea-
surements and models for optical wireless communications,” IEEE
Commun. Surveys Tuts., vol. 20, no. 3, pp. 1939–1962, 3rd Quart.,
2018.

[230] T. Nakano and J.-Q. Liu, “Design and analysis of molecular relay chan-
nels: An information theoretic approach,” IEEE Trans. Nanobiosci.,
vol. 9, no. 3, pp. 213–221, Sep. 2010.

[231] T. Nakano, Y. Okaie, and J.-Q. Liu, “Channel model and capacity
analysis of molecular communication with Brownian motion,” IEEE
Commun. Lett., vol. 16, no. 6, pp. 797–800, Jun. 2012.

[232] A. O. Bicen, I. F. Akyildiz, S. Balasubramaniam, and Y. Koucheryavy,
“Linear channel modeling and error analysis for intra/inter-cellular
Ca2+ molecular communication,” IEEE Trans. Nanobiosci., vol. 15,
no. 5, pp. 488–498, Jul. 2016.

[233] N. Garralda, I. Llatser, A. Cabellos-Aparicio, and M. Pierobon,
“Simulation-based evaluation of the diffusion-based physical chan-
nel in molecular nanonetworks,” in Proc. IEEE INFOCOM WKSHPS,
Shanghai, China, Apr. 2011, pp. 443–448.

[234] A. Emslie, R. Lagace, and P. Strong, “Theory of the propagation of
UHF radio waves in coal mine tunnels,” IEEE Trans. Antennas Propag.,
vol. AP-23, no. 2, pp. 192–205, Mar. 1975.

[235] G. Poitau and A. Kouki, “Analysis of MIMO capacity in waveguide
environments using practical antenna structures for selective mode exci-
tation,” in Proc. CCGEI, vol. 1. Niagara Falls, ON, Canada, May 2004,
pp. 349–352.

[236] H. Wang, F. R. Yu, L. Zhu, T. Tang, and B. Ning, “Finite-state Markov
modeling for wireless channels in tunnel communication-based train
control systems,” IEEE Trans. Intell. Transp. Syst., vol. 15, no. 3,
pp. 1083–1090, Jun. 2014.

[237] D. W. Matolak, “Channel characterization for unmanned aircraft
systems,” in Proc. EuCAP, Lisbon, Portugal, May 2015, pp. 1–5.

[238] D. W. Matolak and R. Sun, “Air-ground channel characterization for
unmanned aircraft systems: The near-urban environment,” in Proc.
IEEE MILCOM, Tampa, FL, USA, Oct. 2015, pp. 1656–1660.

[239] D. W. Matolak and R. Sun, “Air-ground channel characterization for
unmanned aircraft systems: The hilly suburban environment,” in Proc.
IEEE VTC-Fall, Vancouver, BC, Canada, Sep. 2014, pp. 1–5.

[240] R. Sun and D. W. Matolak, “Air-ground channel characteriza-
tion for unmanned aircraft systems: The mountainous environment,”
in Proc. IEEE/AIAA DASC, Prague, Czech Republic, Sep. 2015,
pp. 5C2-1–5C2-9.

[241] D. W. Matolak and R. Sun, “Air-ground channel characterization for
unmanned aircraft systems: The over-freshwater setting,” in Proc.
ICNS, Apr. 2014, pp. K1-1–K1-9.

[242] K. Daniel, M. Putzke, B. Dusza, and C. Wietfeld, “Three dimen-
sional channel characterization for low altitude aerial vehicles,” in Proc.
ISWCS, York, U.K., Sep. 2010, pp. 756–760.

[243] Z. Shi, P. Xia, Z. Gao, L. Huang, and C. Chen, “Modeling of wireless
channel between UAV and vessel using the FDTD method,” in Proc.
WiCOM, Beijing, China, Sep. 2014, pp. 100–104.

[244] D. W. Matolak, “Air-ground channels & models: Comprehensive review
and considerations for unmanned aircraft systems,” in Proc. IEEE
Aerosp. Conf., Big Sky, MT, USA, Mar. 2012, pp. 1–17.

[245] D. W. Matolak and R. Sun, “Unmanned aircraft systems: Air-ground
channel characterization for future applications,” IEEE Veh. Technol.
Mag., vol. 10, no. 2, pp. 79–85, Jun. 2015.

[246] L. Zeng, X. Cheng, C.-X. Wang, and X. Yin, “A 3D geometry-based
stochastic channel model for UAV-MIMO channels,” in Proc. IEEE
WCNC, San Francisco, CA, USA, Mar. 2017, pp. 1–5.

[247] K. Jin, X. Cheng, X. Ge, and X. Yin, “Three dimensional modeling and
space-time correlation for UAV channels,” in Proc. IEEE VTC-Spring,
Sydney, NSW, Australia, Jun. 2017, pp. 1–5.

[248] Y. Rissafi, L. Talbi, and M. Ghaddar, “Experimental characterization
of an UWB propagation channel in underground mines,” IEEE Trans.
Antennas Propag., vol. 60, no. 1, pp. 240–246, Jan. 2012.

[249] A. Salam, M. C. Vuran, and S. Irmak, “Pulses in the sand: Impulse
response analysis of wireless underground channel,” in Proc. IEEE
INFOCOM, San Francisco, CA, USA, Apr. 2016, pp. 1–9.

[250] R. Feng et al., “ Wireless channel parameter estimation algorithms:
Recent advances and future challenges,” China Commun., vol. 15, no. 5,
pp. 211–228, May 2018.

[251] R. Feng, J. Huang, J. Sun, and C.-X. Wang, “A novel 3D frequency
domain SAGE algorithm with applications to parameter estimation in
mmWave massive MIMO indoor channels,” Sci. China Inf. Sci., vol. 60,
no. 8, Jul. 2017, Art. no. 080305, doi: 10.1007/s11432-017-9139-4.

[252] J. Zhang, “The interdisciplinary research of big data and wireless chan-
nel: A cluster-nuclei based channel model,” China Commun., vol. 13,
no. S2, pp. 14–26, 2016.

Cheng-Xiang Wang (S’01–M’05–SM’08–F’17)
received the B.Sc. and M.Eng. degrees in commu-
nication and information systems from Shandong
University, China, in 1997 and 2000, respectively,
and the Ph.D. degree in wireless communications
from Aalborg University, Denmark, in 2004.

He was a Research Assistant with the Hamburg
University of Technology, Hamburg, Germany, from
2000 to 2001, a Visiting Researcher with Siemens
AG Mobile Phones, Munich, Germany, in 2004, and
a Research Fellow with the University of Agder,

Grimstad, Norway, from 2001 to 2005. He has been with Heriot-Watt
University, Edinburgh, U.K., since 2005, where he was promoted to a
Professor in 2011. In 2018, he joined Southeast University, Nanjing, China, as
a Professor and a Thousand Talent Plan Expert. He has authored two books,
one book chapter, and over 340 papers in refereed journals and conference pro-
ceedings. His current research interests include wireless channel modeling and
(B)5G wireless communication networks, including green communications,
cognitive radio networks, high mobility communication networks, massive
MIMO, millimeter wave communications, and visible light communications.

Dr. Wang was a recipient of the Highly Cited Researcher Award by Web
of Science in 2017 and nine Best Paper Awards from the IEEE Globecom
2010, the IEEE ICCT 2011, ITST 2012, the IEEE VTC 2013, IWCMC 2015,
IWCMC 2016, the IEEE/CIC ICCC 2016, and the WPMC 2016. He served
or is currently serving as an Editor for nine international journals, including
the IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY since 2011, the
IEEE TRANSACTIONS ON COMMUNICATIONS since 2015, and the IEEE
TRANSACTIONS ON WIRELESS COMMUNICATIONS from 2007 to 2009. He
was the leading Guest Editor of the IEEE Journal on Selected Areas in
Communications, Special Issue on Vehicular Communications and Networks.
He is also a Guest Editor of the IEEE JOURNAL ON SELECTED AREAS

IN COMMUNICATIONS, Special Issue on Spectrum and Energy Efficient
Design of Wireless Communication Networks and Special Issue on Airborne
Communication Networks, and the IEEE TRANSACTIONS ON BIG DATA,
Special Issue on Wireless Big Data. He served or is serving as a TPC mem-
ber, the TPC chair, and the general chair of over 80 international conferences.
He is a fellow of the IET and HEA

Ji Bian received the B.Sc. degree in electronic
information science and technology from Shandong
Normal University, Jinan, China, in 2010 and the
M.Sc. degree in signal and information process-
ing from the Nanjing University of Posts and
Telecommunications, Nanjing, China, in 2013. He is
currently pursuing the Ph.D. degree with the School
of Information Science and Engineering, Shandong
University, Qingdao, China.

His current research interests include channel
measurements, wireless propagation channel charac-

terization, and 5G channel modeling.

http://dx.doi.org/10.1007/s11432-017-9139-4


3168 IEEE COMMUNICATIONS SURVEYS & TUTORIALS, VOL. 20, NO. 4, FOURTH QUARTER 2018

Jian Sun (M’08) received the B.Sc. degree in
applied electronic technology, the M.Eng. degree in
measuring and testing technologies and instruments,
and the Ph.D. degree in communication and informa-
tion systems from Zhejiang University, Hangzhou,
China, in 1996, 1999, and 2005, respectively.

Since 2005, he has been a Lecturer with the
School of Information Science and Engineering,
Shandong University, China. In 2011, he was a
Visiting Scholar with Heriot-Watt University, U.K.,
supported by U.K.–China Science Bridges: Research

and Development on (B)4G Wireless Mobile Communications (UC4G)
project. His current research interests are in the areas of signal processing
for wireless communications, channel sounding and modeling, propagation
measurement and parameter extraction, MIMO, and multicarrier transmission
systems design and implementation.

Wensheng Zhang received the M.E. degree in elec-
trical engineering from Shandong University, China,
in 2005, and the Ph.D. degree in electrical engi-
neering from Keio University, Japan, in 2011. In
2011, he joined the School of Information Science
and Engineering, Shandong University, where he
is currently an Associate Professor. His research
interests lie in cognitive radio networks, random
matrix theory, and visible light communications.

Minggao Zhang received the B.Sc. degree in math-
ematics from Wuhan University, China, in 1962.

He is currently a Distinguished Professor with
the School of Information Science and Engineering,
Shandong University, the Director of Academic
Committee of China Rainbow Project Collaborative
Innovation Center, the Director of Academic
Committee of Shandong Provincial Key Laboratory
of Wireless Communication Technologies, and a
Senior Engineer of No. 22 Research Institute of
China Electronics Technology Corporation. He has

been an Academician of the Chinese Academy of Engineering since 1999 and
is currently a Fellow of China Institute of Communications. He was a Group
Leader of the Radio Transmission Research Group of ITU-R.

Mr. Zhang has been engaged in the research of radio propagation for
decades. Many of his proposals have been adopted by international standard-
ization organizations, including CCIR P.617-1, ITU-R P.680-3, ITU-R P.531-5,
ITU-R P.529-2, and ITU-R P.676-3. He was a recipient of seven national and
ministerial-level Science and Technology Progress Awards in China.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZapfChancery-MediumItalic
    /ZapfDingBats
    /ZapfDingbatsITCbyBT-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


