
2010 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 38, NO. 9, SEPTEMBER 2020

Multi-Frequency Multi-Scenario Millimeter Wave
MIMO Channel Measurements and Modeling for

B5G Wireless Communication Systems
Jie Huang, Member, IEEE, Cheng-Xiang Wang , Fellow, IEEE, Hengtai Chang,

Jian Sun , Member, IEEE, and Xiqi Gao , Fellow, IEEE

Abstract— Millimeter wave (mmWave) bands have been
utilized for the fifth generation (5G) communication systems and
will no doubt continue to be deployed for beyond 5G (B5G).
However, the underlying channels are not fully investigated
at multi-frequency bands and in multi-scenarios by using the
same channel sounder, especially for the outdoor, multiple-input
multiple-output (MIMO), and vehicle-to-vehicle (V2V) condi-
tions. In this paper, we conduct multi-frequency multi-scenario
mmWave MIMO channel measurements with 4 × 4 antennas
at 28, 32, and 39 GHz bands for three cases, i.e., the human
body and vehicle blockage measurements, outdoor path loss mea-
surements, and V2V measurements. The channel characteristics,
including blockage effect, path loss and coverage range, and
non-stationarity and spatial consistency, are thoroughly studied.
The blockage model, path loss model, and time-varying channel
model are proposed for mmWave MIMO channels. The channel
measurement and modeling results will be of great importance for
further mmWave communication system deployments in indoor
hotspot, outdoor, and vehicular network scenarios for B5G.

Index Terms— Millimeter wave bands, MIMO vehicle-to-
vehicle, B5G wireless communication systems, multi-frequency
channel measurements, channel modeling.

I. INTRODUCTION

THE fifth generation (5G) communication systems are
being deployed worldwide and will be operated at sev-
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eral allocated millimeter wave (mmWave) bands. International
telecommunication union (ITU) allocated eleven bands in
the range of 24.25-86 GHz for wireless communications,
including 26/28, 32, 38/39, and 60 GHz bands.

Though there have been various mmWave channel measure-
ment campaigns, most of them are limited in the measurement
bandwidth (500 MHz typically), distance range (less than
300 m typically), scenario (indoor/outdoor static), antenna
configuration (single antenna), etc. [1]–[3]. Meanwhile, as the
channel sounder, measurement setup, measurement scenario,
and data post-processing method are not the same for the mea-
surements conducted by different research groups, it is difficult
to have a fair comparison of the propagation characteristics at
different frequency bands [1]. The underlying channels are
still not fully investigated at multi-frequency bands and in
multi-scenarios by using the same channel sounder, especially
for the outdoor, multiple-input multiple-output (MIMO), and
vehicle-to-vehicle (V2V) conditions, which are challenging for
beyond 5G (B5G) communications.

The early mmWave channel measurements conducted by
T. S. Rappaport et al. proved the ability of mmWave com-
munications for 5G [4]. In [5]–[11], channel measurements
were conducted at 28, 38, 60, and 73 GHz bands for several
outdoor environments with rotated horn antennas. The path
loss, root mean square (RMS) delay spread, angle of arrival
(AoA), and outage probability were obtained. The NYU Sim-
ulator (NYUSIM) [12], an open source software for mmWave
channel modeling, was then proposed based on these channel
measurement results. Its latest version includes three important
channel characteristics, i.e., spatial consistency, human block-
age shadowing loss, and outdoor-to-indoor (O2I) penetration
loss.

In ITU-R P.2406-0 [13], several outdoor channel measure-
ments were conducted in the range of 0.8-73 GHz for urban,
suburban, and residential environments. The different measure-
ment results from NTT DOCOMO (Japan), Radio Research
Agency (RRA), Electronics and Telecommunications Research
Institute (ETRI), and Samsung (Korea), Intel (America), and
Durham University (UK) were combined to produce the path
loss and shadowing fading models as well as the statistics of
RMS delay spread.

In [14], the outdoor urban environment was measured at
60 GHz. The results showed that the environment was highly
time-variant. The human blockage was also investigated.
In [15], 32 GHz channel measurements were conducted in
outdoor microcells with rotated horn antennas. The QuaDRiGa
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open source model was extended and applied to the mmWave
channel modeling. In [16], 28 GHz channel measurements
were conducted in outdoor courtyard scenario with rotated
horn antennas to obtain the path loss model. In [17], [18],
channel measurements were conducted at 28 GHz and 39 GHz
in outdoor urban macro (UMa) and urban micro (UMi)
environments. The path loss, RMS delay spread, and angular
spread were investigated.

Most of the above-mentioned mmWave channel measure-
ments are conducted with single antenna at both transmit-
ter (Tx) and receiver (Rx) sides with several fixed loca-
tions. In general, horn antennas are used at both sides to
compensate for the high path loss and sometimes the horn
antenna is rotated at one side or both sides to obtain the
angular information. For such channel measurement config-
urations, the environment needs to be quasi-static as it is
time consuming for the data recording. It is not able to
measure highly dynamic environments because the channel
coherence time will be much smaller than the data record-
ing time. Thus, the MIMO and V2V characteristics are not
investigated.

In the literature, only a few mmWave channel sounders
have the ability to measure MIMO channel in time-
variant environments, such as the channel sounders from
Durham University [19], National Institute of Standards and
Technology (NIST) [20], [21], and University of South
California [22]–[24]. In the following, related mmWave out-
door channel measurements with MIMO or V2V characteris-
tics are reviewed.

In [25]–[29], mmWave vehicular channel measurements
were conducted at 60 GHz band. Several conditions of
vehicular channels were measured, such as the in-vehicle,
infrastructure-to-infrastructure (I2I), vehicle-to-infrastructure
(V2I), and V2V channels. In [25], the spatial consistency
of the 60 GHz in-vehicle channel was investigated. The
measured and calculated results indicated that a strong rever-
beration inside the vehicle produces similar power delay
profiles (PDPs) within the range of approximately 10 wave-
lengths. In [26], the 60 GHz V2I channel was measured in an
urban highway environment. The channel was found to show
clustering behaviour with a typical number of 4-5 reflected
multipath components (MPCs). In [27], the Doppler spread
for 60 GHz I2I channel was studied. In [28], the 60 GHz
in-vehicle channel was measured and a tapped-delay-line
(TDL) channel model was formulated from the proposed PDP
model. In [29], the position-specific channel statistics for
60 GHz vehicular overtaking channel was investigated. In [30],
a survey of mmWave V2V channel propagation characteristics
was given, in which the mmWave channel measurements were
all with single antennas at both sides and only a few of them
were in dynamic environments.

In [23], [31], [32], outdoor channel measurements were
conducted at 28 GHz with a phased-array channel sounder.
The bandwidth is 400 MHz. At both Tx and Rx sides, the 8×2
phased array was applied to measure the directional properties
in dynamic environments. In [23], channel measurements with
moving scatterers and blocking objects were conducted to
validate the performance of the channel sounder. In [31],

the stationary region was investigated at 28 GHz in a outdoor
microcellular environment. In [32], the O2I channel was
measured. The path loss, delay spread, and angular spread
for indoor and outdoor Rx locations for two different types of
buildings were studied.

MmWave channel shows many new channel propaga-
tion characteristics, especially the space-time-frequency non-
stationarity, cluster birth-death, spatial consistency, etc. The
mmWave channel measurements are still insufficient for
many potential applications, such as indoor hotspot, out-
door dynamic environments, MIMO and beamforming, and
vehicular networks. MmWave communication systems will
be deployed at multiple frequency bands and in multiple
scenarios with multiple antennas. Thus, it is important to
measure the real channels with such configurations for the
evaluation of B5G communication systems. However, most of
the above-mentioned mmWave channel measurements are con-
ducted at single frequency band, in one scenario, or equipped
with single antenna. To fill the above gaps, we conduct
multi-frequency multi-scenario mmWave MIMO channel mea-
surements and propose corresponding models in this paper.
The major contributions and novelties include:

• MmWave MIMO channel measurements are conducted
at multi-frequency bands and in multi-scenarios by using
the same channel sounder. Specifically, the human body
and vehicle blockage measurements, outdoor path loss
measurements, and V2V measurements are conducted
with 4 × 4 antennas at 28, 32, and 39 GHz bands.

• The channel characteristics, including blockage effect,
path loss and coverage range, and non-stationarity and
spatial consistency, are thoroughly studied.

• The mmWave MIMO channel characteristics are com-
pared among different frequency bands and scenarios.

• The blockage model, path loss model, and time-varying
channel model are proposed for mmWave MIMO
channels.

The remainder of this paper is organized as follows.
In Section II, a detailed description of the mmWave MIMO
channel measurements are given, including blockage measure-
ments, outdoor path loss measurements, and V2V measure-
ments. MmWave channel models, including blockage model,
outdoor path loss model, and time-varying channel model are
introduced in Section III. In Section IV, the measurement and
modeling results are thoroughly analyzed. Finally, conclusions
and future works are given in Section V.

II. mmWAVE MIMO CHANNEL MEASUREMENTS

A. mmWave MIMO Channel Sounder

As shown in Fig. 1, the Keysight time domain channel
sounder is used to conduct multi-frequency multi-scenario
mmWave MIMO channel measurements. A summary of the
detailed equipment and parameters is given in Table I. The
Tx side consists of a M8190A arbitrary waveform genera-
tor (AWG) with sampling rate of 12 GSa/s, an E8267D vector
signal generator (VSG) with frequency range of 100 kHz
to 44 GHz, an L4450A high speed four-way switch with
switching time of less than 1 μs, a high-precision HJ5418 GPS
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Fig. 1. The Keysight time domain channel sounder.

TABLE I

A SUMMARY OF CHANNEL SOUNDER EQUIPMENT AND PARAMETERS

Rubidium clock, Ainfo Tx antennas, and Connphy power
amplifiers (PAs). The Tx side can switch in four chan-
nels in serial. The Rx side consists of a M9362A PXIe
down converter, a M9352A PXI hybrid amplifier/attenuator,
a M9300A PXIe frequency reference, a M9703B AXIe 12-bit
digitizer, an E8257D analog signal generator, an L4450A high
speed switch controller, a GPS Rubidium clock, Ainfo Rx
antennas, and Connphy low noise amplifiers (LNAs). The
Rx side can switch in four group of channels in serial and
each group includes four channels in parallel, thus enables
the 4 × 16 MIMO channel measurements. The GPS Rubid-
ium clocks at Tx and Rx sides are utilized to synchronize
the 1 pulse per second (PPS) signal with the coordinated
universal time (UTC). The latitude and longitude locations of
Tx and Rx are recorded by the GPS. The channel sounder has
wide frequency range, high bandwidth, high sampling speed,
high dynamic range, and multiple antenna capabilities, thus
fulfils the multi-frequency multi-scenario mmWave MIMO
channel measurement requirements.

Due to the limitations of the available number of Rx anten-
nas and LNAs, only one group of the Rx channels is utilized
to conduct 4 × 4 mmWave MIMO channel measurements.

Directional horn antennas working in the range of
26.5-40 GHz are utilized. At the Tx side, the four antennas
with 20 dBi gain and 18◦ half power beamwidth (HPBW)

are connected to four PAs. The PA has a 30 dB gain and
24 dBm output P1dB power. The effective isotropic radiated
power (EIRP) is 44 dBm. At the Rx side, the four antennas
are connected to four LNAs and toward the same direction
with separation distance about 7.5 cm to enable the multi-
plexing gain. The LNA has a 30 dB gain. Both 20 dBi and
25 dBi horn antennas are used at Rx side. The 25 dBi horn
antenna has a HPBW of 10◦. The 25 dBi gain horizontal
polarized, 25 dBi gain vertical polarized, 20 dBi gain vertical
polarized, and 20 dBi gain horizontal polarized antennas
are connected to Rx1 to Rx4, respectively. The polarization
effects, i.e., cross-polarization ratio (XPR) can be investigated.

To enlarge the system dynamic range, a pseudo noise (PN)
sequence with length of 212 = 4096 is used to obtain
processing gain of 10log102

12 = 36 dB. In addition, 104 and
800 zero points are added at the start and end of the wave-
form, respectively, to leave the time for antenna switching.
Both the in-phase (I) and quadrature (Q) components are
recorded. To further reduce the inter symbol interference (ISI),
the transmitted waveform is interpolated with four times and
filtered by a root raised cosine (RRC) pulse shaping filter with
roll-off factor of 0.5. The received signal is then filtered by
using the same matched RRC filter and down-sampled. The
signal bandwidth is 1 GHz and the sampling rate is 1.28 GS/s.
The length of the interpolated waveform is 20000 points
with duration of 15.625 μs for one snapshot. For the 4 × 4
MIMO channel, it needs 62.5 μs to complete one period.
The waveform is then repeated several times to capture large
number of snapshots for time-varying channels and also to
improve the signal-to-noise ratio (SNR). The channel sounder
also enables streaming mode for continuous data recording
with a signal bandwidth of 320 MHz for several seconds.
In streaming mode, the received signal is recorded by a digital
down converter (DDC) with a ratio of 4 and a sampling rate
of 1.6 GS/s. The signal is then saved to a redundant array of
independent disk (RAID) with a rate up to 1 GB/s.

B. mmWave Blockage Measurements

The 4 × 4 mmWave MIMO blockage measurements are
conducted in both indoor and outdoor scenarios at 28, 32,
and 39 GHz bands with several configurations.

1) Indoor Human Blockage Measurements: For the indoor
scenario, Tx and Rx are separated with 10 m in a corridor envi-
ronment. The four Tx antennas are toward the same direction.
The measurements include three schemes: one person walks
perpendicular to the line-of-sight (LOS) path at the center and
from −1 m to 1 m with 0.1 m step size (I1), two persons walk
perpendicular to the LOS path, both with 1 m to the center
and from −1 m to 1 m with 0.1 m step size (I2), and one
person walks along the LOS path from 1 m to 9 m with 0.2 m
step size (I3). Channel measurements are conducted at 28, 32,
and 39 GHz bands with the three schemes. An illustration of
the measurements is shown in Fig. 2.

2) Outdoor Human Blockage Measurements: For the out-
door scenario, Tx and Rx are separated with 10 m in an open
square environment which is surrounded by vegetation. The
schemes are the same with indoor measurements. Channel
measurements are conducted at 28 GHz and 32 GHz bands.
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Fig. 2. An illustration of the indoor human blockage measurements.

As the human body is not only blocking the LOS compo-
nent, but also may have relations with the reflected paths,
the received signal with human blockage is an interaction with
the human body and the environment. The human blockage
between indoor and outdoor scenarios may have some dif-
ferences, which are not studied in the literature and will be
compared.

3) Outdoor Vehicle Blockage Measurements: For outdoor
scenarios, vehicles are very common objects, such as car, van,
and truck. A car is relatively large in size compared to the
wavelength of mmWave bands. It has a smooth surface and
is composed of painted metals, glass windows, wheels, etc.
Its interaction with mmWave is complex and may encounter
different propagation mechanisms such as reflection, scatter-
ing, and diffraction [33]. Here, channel measurements are
conducted at 28, 32, and 39 GHz bands. A car is between
the Tx and Rx. The Rx moves from the tail of the car to the
head of the car with 0.2 m step size.

The measurement scenarios for indoor human blockage,
outdoor human blockage, and outdoor vehicle blockage mea-
surements are shown in Fig. 3.

C. mmWave Outdoor Path Loss Measurements

The outdoor path loss measurements are conducted in
Shandong University, Qingdao campus. It’s a newly built
modern campus with tall buildings and can be seen as an UMa
scenario. The road is about 7 m wide with two lanes. As shown
in Fig. 4, the Tx is fixed around the crossroads with the four
horn antennas toward four directions with 90◦ separation. The
purpose is to mimic the base station (BS) with beamforming
capability and study the coverage range for different directions.

For the east-west road, buildings, open squares, and vegetation
are distributed on one side, and an open space with vegetation
is on the other side. For the south-north road, buildings, open
squares, and vegetation are distributed on one side, and the
university gate, an open square, and vegetation are distributed
on the other side. The 1-4 Tx antennas are toward the west,
north, east, and south, respectively. The Rx is on a pickup truck
and moving on the two main roads back and forth. Channel
measurements are conducted at 28, 32, and 39 GHz bands with
4 × 4 MIMO antenna configurations. The maximum distance
between Tx and Rx is about 800 m. In the measurement,
the Rx antennas are toward the Tx location for most of the
time and may be blocked by objects in the environment. The
Rx first moves to the west and goes back to the Tx. Then,
the Rx moves to the south and goes back to the Tx again.
Signals are recorded along the movement route of Rx and the
measurements are repeated for each frequency band. About
80 positions are recorded for each band.

D. mmWave V2V Measurements

The V2V channel measurements are conducted with both
Tx and Rx moving on the straight road with various relative
velocities range from 0 km/h to 60 km/h. As the channel is
highly dynamic, the streaming mode is used for continuous
data collection for several seconds. For this measurement, only
one Rx antenna is used to receive the signal and the four Tx
antennas are used to transmit the signal in serial. Channel
measurements are conducted at 28, 32, and 39 GHz bands for
both same moving direction and opposite moving direction
configurations. The purpose of the measurement is to capture
the non-stationary and spatial consistency characteristics of
mmWave V2V channels.

III. MEASUREMENT DATA POST-PROCESSING AND

mmWAVE MIMO CHANNEL MODELING

A. Measurement Data Post-Processing

Denote the transmit signal as x(t), the response of
the measurement system as g(t), and the channel impulse
response (CIR) as h(t). Note that the transmit signal is a
time-invariant PN sequence, the response of the measurement
system can be viewed as time-invariant, and the CIR for
each snapshot is also assumed to be time-invariant as the
data recording time is much less than the coherence time
of the wireless channel. Thus, the wireless channel in each
snapshot can be seen as a linear time-invariant (LTI) system,
though the channel is time-variant for a longer time duration,
especially for mmWave high-mobility channel. The back-
to-back calibration signal is

yth(t) = x(t) ∗ g(t) (1)

where * is the convolution operation. The received signal is

yrx(t) = x(t) ∗ g(t) ∗ h(t). (2)

The frequency domain response can be obtained from
Fourier transform as

Yth(f) = X(f)G(f) (3)

Yrx(f) = X(f)G(f)H(f). (4)
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Fig. 3. The measurement scenarios for indoor human blockage, outdoor human blockage, and outdoor vehicle blockage measurements.

Fig. 4. Outdoor path loss and V2V channel measurement environment.

The CIR is then obtained from inverse Fourier transform as

h(t) = IFFT (H(f)) = IFFT (Yrx(f)/Yth(f)). (5)

The peak search algorithm is applied to extract MPCs in
delay domain with a maximum number of 30. The maximum
value between maximum power minus 25 dB and average
noise floor plus 6 dB is used as the power threshold. The
received power is given as

P =
L∑

l=1

Pl (6)

where L is the number of MPCs and Pl is the power of the
l-th path.

The path loss is

PL(dB) = −P + Gt + Gr + PPA − Pt + GLNA − Lc (7)

where Gt (20 dBi) and Gr (20/25 dBi) are the gains of Tx and
Rx antenna, respectively. PPA is the P1dB power of the PA
(24 dBm), Pt is the transmitted power for calibration (5 dBm),
GLNA is the gain of LNA (30 dB), and Lc is the additional
loss of the cables in channel measurements (4 dB).

The RMS delay spread is calculated as

DS =

√√√√∑L
l=1 Plτ2

l∑L
l=1 Pl

− (
∑L

l=1 Plτl∑L
l=1 Pl

)2 (8)

where τl is the delay of the l-th path.

B. Blockage Model

In general, the human body is simulated as a rectangular
absorbing screen or a perfectly conducting cylinder to study
the blockage effects [34]. The knife-edge diffraction (KED)
and geometrical theory of diffraction (GTD) models are
applied and introduced.

1) KED Model: The KED model assumes a human blocker
to be represented as a rectangular screen which has a absorbing
property. The METIS KED model [35] and Kirchhoff KED
model are two widely used methods.

The METIS KED model can calculate the loss caused by
human blockage simply and accurately [36]. A rectangular
absorbing screen is used to simulate the human body. The
screen is vertical to the ground and the screen orientation
is parallel to the projection of the Tx–Rx connecting line
in the top projection view. The edges on the left, right, top,
and bottom of the screen are used to calculate the shadowing
loss and denoted as Al, Ar, At, and Ab, respectively, whose
detailed calculations can be referred to [34]. The total loss can
be obtained by

A(dB) = −20log10(1 − (Al + Ar)(At + Ab)). (9)

One of the merits of the METIS KED model is that it can
model the losses when the signal is blocked by several persons
simultaneously. When the distribution of the persons is sparse,
the total loss is summation of the multiple screens whose loss
can be calculated as mentioned above.

In the Kirchhoff KED model [37], [38], the Kirchhoff
diffraction equation is used to simulate loss caused by human
blockages. Assume S is a screen extended infinitely in the
X–Y plane, S0 refers to the aperture on the screen, Q0 (x0,
y0, z0) is the intersection point of the Tx–Rx connecting line
with the aperture, d1 and d2 denote the projection of Tx–Q0

and Rx–Q0 on Z axis, respectively.
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The first Fresnel zone radius can be calculated as

R1 =
√

λ
d1d2

d1 + d2
(10)

where λ is the wavelength. The attenuation caused by the
aperture can be calculated using the Kirchhoff diffraction
equation, i.e.,

A = Fd(u, v) =
j

2

∫∫
S0

exp[−j
π

2
(u2 + v2)]dudv (11)

where Fd(u, v) represents the Fresnel number. The parame-
ters u and v can be written as

u =
√

2
x − x0

R1
(12)

v =
√

2
y − y0

R1
. (13)

2) GTD Model: The GTD model simulates the human
body as a perfectly conducting cylinder and calculates the
attenuation as [39]

A =
N∑

n=1

De
n

exp(−jkSd)√
8jkSd

×{exp[−(jk + Ωe
n)γ1] + exp[−(jk + Ωe

n)γ2]} (14)

where N is the selected number of zero values of Airy function
Ai(), k is the wavenumber, Sd is the distance between the Rx
antenna and the point of tangency of the cylinder, Ωe

n is the
attenuation constant, γ1 and γ2 are the travel distances on the
surface of the circle for the incident rays. The parameter De

n

is the amplitude weighting factor and can be calculated as

De
n = 2M{Ai′(−αn)}−2e−π/6 (15)

where Ai′() is the derivative function of the Airy function
Ai(), −αn is the zeros of the Airy function Ai(), and the
parameter M can be written as

M = (
ka

2
)1/3 (16)

where a is the radius of the cylinder. The attenuation constant
Ωe

n can be obtained as

Ωe
n =

αn

a
Mejπ/6. (17)

C. Outdoor Path Loss Model

The alpha-beta-gamma (ABG) path loss model and
close-in (CI) path loss model are two widely used models.
The ABG model is

PL(d, f)[dB] = 10αlog10(d) + β + 10γlog10(f) + N(0, σ)
(18)

where d is the three-dimensional (3D) direct distance between
Tx and Rx (m), f is the operating frequency (GHz), α is the
coefficient associated with the increase of the path loss with
distance, β is coefficient associated with the offset value of
the path loss, γ is coefficient associated with the increase of
the path loss with frequency, N(0, σ) is Gaussian distribution
with standard deviation σ (dB). The ABG model reverts to the

floating-intercept (FI) model when using at a single frequency
with γ set to 0.

The CI model is

PL(d, f)[dB] = 32.4+20log10(f) + 10nlog10(d) + N(0, σ)
(19)

where n is the path loss exponent (PLE). The free space path
loss at 1 m is used as the reference.

Though the ABG model is used in 3GPP and ITU models,
the CI model has an identical mathematical form, while
offering intuitive appeal, better model parameter stability, and
better prediction performance with fewer parameters [40].
In this paper, both the CI model and FI model are used.

D. Time-Varying Channel Model

The general 3D non-stationary 5G channel model can
be used for the time-varying channel modeling [41]. It’s a
general geometry based stochastic model (GBSM) and can
capture the small-scale fading channel characteristics for sev-
eral scenarios, such as massive MIMO [42], [43], high-speed
train [44]–[47], V2V [48]–[50], and mmWave [1], [51], [52]
scenarios. The channel model is based on the WINNER II and
Saleh-Valenzuela (SV) channel models considering array-time
cluster evolution.

The CIR of the time-varying channel equipped with MT Tx
antennas and MR Rx antennas can be given as

hqp(t, τ)

=

√
K(t)

K(t) + 1
hqp,0(t)δ(τ − τ0(t))

+

√
1

K(t)+1

N(t)∑
n=1

M(t)∑
m=1

hqp,nm(t)δ(τ−τn(t)−τnm(t)) (20)

where K(t) is the Ricean K factor, hqp,0(t) is the amplitude of
the LOS component, τ0(t) is the delay of the LOS component,
N(t) and M(t) are the number of clusters and the number of
rays in each cluster, respectively. hqp,nm(t) is the amplitude
of the non-LOS (NLOS) component, τn(t) and τnm(t) are the
delays of the cluster and the ray within the cluster, respectively.

The distance vectors and angles are calculated from the
geometry relationships and parameter computation methods.
The generation of cluster powers and delays are similar to
the WINNER model. An array-time cluster evolution frame-
work based on birth-death process is applied to capture the
non-stationary property.

IV. MEASUREMENT AND MODELING

RESULTS AND ANALYSIS

A. Blockage Effect

The indoor human blockage measurement results along the
LOS path at 28, 32, and 39 GHz bands are shown in Fig. 5.
Specifically, the cumulative distribution functions (CDFs) of
the received powers are presented. As the four Tx antennas
are toward the same direction, the received signals are similar
for different Tx antennas. Thus, only the received signals
for Tx1 are illustrated. Note that the power is the calibrated
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Fig. 5. Indoor human blockage measurement results along the Tx-Rx path
at 28, 32, and 39 GHz bands.

power relative to 0 dBm. As Rx1 and Rx4 are with horizontal
polarization, they have a lower signal level compared to
Rx2 and Rx3 because vertical polarization has a higher signal
level. The three frequency bands show similar human blockage
attenuations. As the frequency increases, the attenuation also
increases slightly. The attenuations along the LOS path can
be seen as a constant value with some variations. In gen-
eral, vertical polarization has smaller variations, which are
about 5 dB, while it is about 10 dB for horizontal polarization.
The reason may be that human body has a de-polarization

Fig. 6. Measured and modeled human blockage attenuations along the LOS
path.

effect on mmWave propagations. The XPR is about 15-25 dB
for the three bands and similar for the 20 dBi and 25 dBi gain
horn antennas.

Fig. 6 shows the measured and modeled human blockage
attenuations. The METIS model has the smallest attenuations,
while the GTD model has the largest attenuations. As fre-
quency increases from 28 GHz to 39 GHz, the modeled
attenuation shows a slightly increasing trend. The attenuation
difference between 28 GHz and 39 GHz is within 1 dB. The
METIS KED model and Kirchhoff KED model show symme-
try at Tx and Rx sides, while the GTD model shows larger
attenuation near Tx side, which is about 10 dB larger than
the Rx side. By comparing the measured and modeled human
blockage attenuations, we can see that in the case of along the
LOS path, the measured attenuation variates roughly between
the METIS KED and Kirchhoff KED modeled attenuations,
which means the METIS KED model and Kirchhoff KED
model can be seen as the lower bound and upper bound of
the attenuation, respectively.

The indoor human blockage measurement results with one
person and two persons cross the LOS path are shown
in Fig. 7. The Rx2 channel has little attenuation with
either one person or two persons move across the LOS
path. The reason may due to the saturation of the LNA
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Fig. 7. Indoor human blockage measurement results with one person and
two persons crossing the Tx-Rx path at 28, 32, and 39 GHz bands.

in channel measurements. The other received signals show
obvious human blockage attenuations when the person blocks
the LOS path. The human blockage attenuation is about
10-15 dB. It shows no much difference either one person or
two persons cross the LOS path. The vertical polarization has
a larger attenuation than that of horizontal attenuation. The
reason may due to the de-polarization effect.

Fig. 8 shows the measured and modeled human blockage
attenuations with one person crossing the LOS path. The
METIS model has an attenuation about 10 dB, while the
Kirchhoff model and GTD model have an attenuation about
15 dB. As seen from the comparison of measured and modeled
human blockage attenuation results, in the case of crossing the
LOS path, the METIS KED model can act as the lower bound,
while the Kirchhoff KED model and GTD model can be the
upper bound.

As a comparison, Fig. 9 shows the outdoor human blockage
measurement results at 28 GHz and 32 GHz bands with
different schemes. For the case of along the LOS path,
the outdoor human blockage has a larger attenuation, which is
about 5-10 dB larger than that of indoor situations. Meanwhile,
the attenuation along the path has a larger variation. For the
case of cross the LOS path, the outdoor human blockage also
has a larger attenuation than that of indoor situations. For
both 28 GHz and 32 GHz bands, the outdoor human blockage
attenuation is about 15-20 dB. The reason is that the outdoor
environment has less MPCs than the indoor environment.

Fig. 8. Measured and modeled human blockage attenuations across the LOS
path.

An example of the indoor and outdoor CIRs at 28 GHz
with one person crossing the LOS path is shown in Fig. 10
to validate it. Note that the maximum received power is
normalized to 0 dB.

Fig. 11 shows the outdoor vehicle blockage measurement
results. The signal level for the three frequency bands are
similar for each Rx channel. It has a much larger atten-
uation than that of the human body blockage and shows
large variations around different places of a car. Due to the
complex propagation mechanisms, the XPR becomes smaller.
The horizontal polarization can even have a higher signal
level than the vertical polarization. The 25 dBi horizontal
polarized Rx2 antenna can receive the signal at a similar
level with 20 dBi vertical polarized Rx3 antenna. All these
phenomenons indicate that an accurate blockage and scattering
model for vehicles should be proposed and taken into account
for vehicular channel modeling in the future.

B. Outdoor Path Loss and Coverage Range

Fig. 12 shows the outdoor path loss measurement results
at 28, 32, and 39 GHz bands with 4×4 antenna configurations,
respectively. The three frequency bands are measured on the
same routes but not at exactly the same positions. From posi-
tion 1 to about position 40, the Rx first goes away from the Tx
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Fig. 9. Outdoor human blockage measurement results at 28 GHz and 32 GHz
bands.

Fig. 10. Comparison of indoor and outdoor CIRs with one person crossing
the LOS path at 28 GHz band.

and then goes back. Thus, the received power at first decreases
and then increases. From about position 41 to the last position,

Fig. 11. Outdoor vehicle blockage measurement results at 28, 32, and 39 GHz
bands.

the Rx moves away on the other road and then moves
back.

For 28 GHz band, most of the positions can receive the
signal. When the frequency goes up to 39 GHz band, it has
a higher probability of outage. The difference of signal levels
at the four directions can be up to 20 dB. For each channel,
the received signal level variates continuously along the route,
which validates the spatial consistency of mmWave propa-
gations. When Rx moves to the other road, the Tx antenna
from where the strongest signal comes also changes, as can
be clearly seen from the comparison of the received signal
level at position 1-40 and 41-60.
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Fig. 12. Outdoor path loss measurement results at 28, 32, and 39 GHz bands.

An interesting phenomenon is that, all the four Rx antennas
can receive the signals from all the four Tx antennas at most
positions except the outage with a large distance, even when
the Tx antennas are pointing to four directions. This indicates
that signals can depart and arrive in a wide angle range in the
space. It also proves that beamforming antennas can be used

Fig. 13. Outdoor path loss measurement results at 28, 32, and 39 GHz bands.

at BS to serve multiple users, and the users can achieve the
multiplexing gain and make use of polarization.

The path loss modeling results for 28, 32, and 39 GHz
bands are shown in Fig. 13. The CI model and FI model
parameters for the three frequency bands are given in Table II.
As can be seen, the three frequency bands have similar PLEs,
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Fig. 14. Time-varying PDPs for Tx1 to Tx4 at 28 GHz with Tx and Rx moving to the same direction.

TABLE II

CI MODEL AND FI MODEL PARAMETERS FOR 28, 32, AND 39 GHz BANDS

without a clear trend with frequency. The conclusion is the
same with [53], where it is said “there is virtually no difference
in the PLE beyond the first meter of free space, such that
PLEs are of comparable values and independent of frequency”.
However, the shadowing fading does show an increasing trend
with the frequency. For 28 GHz band, the path loss at 1 km
is about 140 dB, and it is less than 150 dB for 32 GHz
and 39 GHz bands. This experiment indicates that mmWave
is possible to be used with horn antennas for long-range
communications up to 1 km. Note that Fig. 13 is the path loss
modeling results for one of the transmitting directions. Thus,
the signal level may not be the strongest ones. If advanced
beamforming and tracking technology is used, the Tx can
always transmit signals toward the strongest directions, which
will further reduce the path loss and extend the applicable
distance of mmWave communications.

C. Non-Stationarity and Spatial Consistency

Mmwave can be used for vehicular networks to support high
data transmission rate. MmWave V2V channel is challenging
as it is highly dynamic. The type of vehicles, vehicle velocity,
road situation, and surrounding environment will have effects
on the channel characteristics. The mmWave V2V channel
is essentially non-stationary and has Doppler frequency shift
caused by the movements of vehicles.

Fig. 14 shows the measured PDP variations over time with
Tx and Rx moving to the same direction at 28 GHz band. Note
that a noise threshold of −135 dB is used, which can be seen
from the lower limit of the colorbar. Up to 4000 snapshots
are captured. There are several MPCs for the signals received
from the four directions. The MPCs show non-stationarity and
cluster birth-death over time. Fig. 15 shows the measured PDP
variations over time with Tx and Rx moving to the opposite
directions. Compared to the results of the same direction, it has
less MPCs as the Tx and Rx are moving away from each
other.

Fig. 16 shows the LOS power variations at 28, 32, and
39 GHz bands. As Tx1 is toward the Rx, the received signal
from Tx1 has the strongest power, which is about 20-30 dB
higher than the other directions. The LOS power also vari-
ates over different snapshots, with a variation up to 10 dB.
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Fig. 15. Time-varying PDPs for Tx1 to Tx4 at 28 GHz with Tx and Rx moving to the opposite directions.

Fig. 16. The LOS power variations at 28, 32, and 39 GHz bands with Tx and Rx moving to the same direction for the four antenna directions.

The results also show spatial consistency of mmWave V2V
channel as the power is changing smoothly over different
snapshots.

Fig. 17 shows the correlation matrix of PDP in different
snapshots at 28 GHz band with Tx and Rx moving to the
same direction. The correlation matrix is a measure of the
stationary interval. The first 700 snapshots show high cor-
relations, in which the channel can be seen as stationary.

As a comparison, Fig. 18 shows the correlation matrix of PDP
in different snapshots at 28 GHz band with Tx and Rx moving
to the opposite directions. The channel shows high correlations
in three durations.

As shown in Fig. 19, for the case of Tx and Rx moving
to the opposite directions, the LOS power variation is more
severe than that of the same direction, as the relative moving
speed is larger and the Doppler frequency shift is larger.
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Fig. 17. The correlation matrix of different snapshots at 28 GHz band with
Tx and Rx moving to the same direction.

Fig. 18. The correlation matrix of different snapshots at 28 GHz band with
Tx and Rx moving to the opposite directions.

Fig. 19. The LOS power variations at 28, 32, and 39 GHz bands with Tx
and Rx moving to the opposite directions.

V. CONCLUSION AND FUTURE WORKS

In this paper, channel measurements have been conducted
with 4 × 4 MIMO antenna configurations at multi-frequency
mmWave bands (28, 32, and 39 GHz) and in multi-scenarios

for B5G wireless communication systems. The detailed mea-
surement and modeling results have been analyzed.

The indoor human blockage, outdoor human blockage, and
vehicle blockage have been investigated. For human blockage,
the attenuation shows a small variation when a person walks
along the LOS path. The attenuation is about 10-15 dB.
When a person walks across the LOS path, a deep fading
will happen with attenuation of 10-15 dB. The attenuation
shows a slightly increasing trend with frequency. The METIS
KED model can act as the lower bound for the attenuation,
while the Kirchhoff KED model can be the upper bound.
By comparing the indoor and outdoor human blockage effects,
we find that outdoor environment has less MPCs and the
signal shows a larger variation when it is blocked by human
body. In addition, the vehicle blockage shows a much higher
attenuation than human body and variates significantly for
different parts of the vehicle, as the material and shape of a
vehicle are very complex. These measurement and modeling
results are meaningful for future indoor hotspot and vehicular
network applications.

The outdoor path loss measurements have been conducted
in UMa scenario with Tx-Rx distance ranges up to 1 km.
Though the signal has a probability of outage at some places,
our measurement results prove that mmWave can propagate
up to 1 km with a dynamic range of 150 dB. The PLE shows
comparable values for different bands, which means the PLE is
independent of the frequency. The shadowing fading, however,
has an increasing trend with frequency. The non-stationary
and spatial-consistency properties are also validated from
the measurements. These measurement and modeling results
are important for outdoor mmWave communications in UMa
scenario.

In V2V measurements, we study the mmWave signal prop-
agations with antennas toward four different directions. Two
cases have been measured, i.e., vehicles move to the same
direction and to the opposite directions. Surprisingly, we can
receive the signals from the four directions with a strong path
and some reflected paths, even the signal strength is not the
same at the four directions. This implies that section antennas,
massive MIMO, and advanced beamforming and tracking
technologies can be used to achieve robust communication
link. These beneficial results will provide useful guidelines
for future multi-antenna technologies and vehicular networks.

In the future, we will conduct mmWave MIMO channel
measurements for more frequency bands and more scenarios.
Other channel characteristics such as atmosphere attenuation,
vegetation attenuation, and O2I building entry loss will also
be measured and modeled to have a deeper understanding of
mmWave communication channels.

Meanwhile, as the frequency range, signal bandwidth,
antenna numbers, and application scenarios increase rapidly,
advanced technologies such as artificial intelligence and
machine learning will be fully applied to and integrated
with B5G communication systems. Potential machine learning
algorithms, such as artificial neural network, convolutional
neural network, generative adversarial network, and clustering
and classification algorithms may be used to channel modeling,
such as channel characteristics prediction, MPCs clustering,
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and scenarios classification, based on the massive chan-
nel measurement datasets [54]. Other new massive MIMO
technologies, such as cell-free massive MIMO [55]–[57],
ultra-massive MIMO [58], [59], and large intelligent sur-
face [60], [61] should also be evaluated by real channel
measurements.
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