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Abstract—Ultra-massive multiple-input multiple-output
(MIMO) technology will bring unique channel characteristics
that need to be fully explored through channel measurements
and channel modeling. In this paper, single-user and multi-
user channel measurements using ultra-massive MIMO
antenna arrays with different configurations are conducted
at 5.3 GHz band. The non-stationarity, spherical wavefront,
channel hardening, and sparse properties are validated
by the channel measurements. Correspondingly, a general
three-dimensional (3D) sixth generation (6G) non-stationary
geometry-based stochastic model (GBSM) for ultra-massive
MIMO communication systems is proposed. The statistical
properties of channel measurements and the corresponding
channel model are studied, including delay power spectral
density (PSD), angular PSD, spatial cross-correlation function
(SCCF), normalized user-side correlation matrix, singular value
spread (SVS), degrees of freedom (DoF), and diversity level. In
addition, channel capacities of channel measurements and the
corresponding channel model are studied. The accuracy of the
proposed general channel model is validated by the consistency
of simulation results and measurement results, which indicates
that the proposed model can be applied to ultra-massive MIMO
communication systems.

Index Terms—Ultra-massive MIMO, channel measurements,
channel modeling, channel hardening, channel capacity.

I. INTRODUCTION

Ith the development of the fifth generation (5G) com-
munication technologies and a variety of services
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associated with application scenarios, e.g., enhanced mo-
bile broadband (eMBB), massive machine type communica-
tions (mMTC), and ultra-reliable low latency communications
(uRLLC), the global commercial deployment and evolution
towards to sixth generation (6G) communication technologies
are in full swing [1], [2]. It is widely believed in the in-
dustry that the 6G communication technologies are expected
to be commercially available by 2030. One of the evolu-
tions is from massive multiple-input multiple-output (MIMO)
to ultra-massive MIMO for enhanced power efficiency and
spectral efficiency [3]-[10]. Compared with massive MIMO
communication systems, the number of antennas and the
dimension of antenna array are further increased in ultra-
massive MIMO communication systems, which will bring
unique channel characteristics.

To study the characteristics of ultra-massive MIMO chan-
nels, it is essential to conduct corresponding channel measure-
ments. In [11], [12], channel measurements were performed
in outdoor stadium scenarios at 1.4725 GHz with 91 MHz
bandwidth using two array configurations, including a 128
elements virtual uniform linear array (ULA) and a uniform
cylindrical array (UCA). The main channel measurement re-
sults showed that the angle of departure (AoD) drifts along
the ULA and can be fitted by sine curve along UCA, which
verified the spherical wavefront. Note that spherical wavefront
should be considered in the case that the distance from the
transmitter (Tx) to the cluster or the receiver (Rx) is within
Rayleigh distance 2L A2 /A (near field region). Here, L4 is
the largest aperture of antenna array and )\ is the wavelength
of the carrier frequency [13]-[15]. Sangodoyin et al. [16],
[17] conducted channel measurements in urban scenarios at
2.53 GHz with a bandwidth of 20 MHz using virtual 16x60
antennas UCA at the Tx and a dual polarized 64 ports uniform
circular patch array at the Rx. The intra-cluster properties,
inter-cluster properties, and correlation of cluster parameters
were studied. Gao et al. [18]-[21] and Payami et al. [22],
[23] conducted channel measurements at 2.6 GHz with 50
MHz bandwidth. The base station (BS) was equipped with
a 128 ports virtual ULA and a 128 ports UCA or only
equipped with a 128 ports virtual ULA. The Rician K-factor,
antenna correlation, received power level, average power delay
profile (APDP), and root-mean-square (RMS) delay spread
(DS) were investigated to prove the non-stationarity in space
domain. In addition, the eigenvalue distribution was studied to
prove channel hardening property [24]. Spatial non-stationarity
brings the disappearance and appearance phenomenon of clus-
ters along the array, which indicates that different antenna
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elements along the array will see different clusters [25]-
[28]. Channel hardening phenomenon (favorable propagation
condition) [29]-[31] refers to that with the increase of antenna
elements exploited at the BS side, the channels of different
users become gradually orthogonal. In [32], [33], channel
measurements were conducted at 3.5 GHz with a bandwidth
of 200 MHz in urban scenarios and a 32 antenna elements
uniform planar array (UPA) was adopted to form a 256
antenna elements virtual array. The channel capacity of the
measurement channel is smaller than that of the independent
identically distributed channel. It can be concluded that the
favorable propagation condition in which the channels between
users are orthogonal can not be realized.

All above channel measurements used virtual antenna arrays
and the carrier frequencies were typical application frequency
bands, such as 1.4725 GHz [11], [12], 2.53 GHz [16],
[17], 2.6 GHz [18]-[23], and 3.5 GHz [32], [33]. None of
them investigated channel characteristics and system perfor-
mance comprehensively.

Martinez et al. [34], [35] conducted channel measurements
with 5.78 m long antenna array at 5.8 GHz with a bandwidth
of 100 MHz. The main conclusion was that the correlation
between users will become smaller with more antenna ele-
ments explored at the BS. The correlation between users was
not sufficient for the analysis of comprehensive ultra-massive
MIMO channel characteristics.

The characteristics of ultra-massive MIMO may bring new
requirements for channel modeling, which is essential in
system performance evaluation. However, the existing ultra-
massive MIMO channel models either concentrated on char-
acteristic analysis or investigated system performance eval-
uation in [13], [15], [25]-[27], [36], [37]. None of them
studied channel characteristics and the influence on system
performance evaluation. Wu et al. [25] proposed a twin-
cluster geometry-based stochastic model (GBSM) for massive
MIMO communication systems to investigate non-stationarity
in space domain and time domain and a general channel model
[13] to investigate non-stationarity in space-time-frequency
(STF) domains. Lopez et al. [15] proposed a channel model
for a second-order approximation in space domain and time
domain of the spherical wavefront, i.e., parabolic wavefront
of massive MIMO channel to efficiently model the effects
of near-field. Bian et al. [27] proposed a general channel
model which can be reduced to a massive MIMO channel
model and Xie et al. [36] proposed a three-dimensional
(3D) two-cylinder regular-shaped GBSM for the application
requirements of massive MIMO communication systems. Both
of them investigated spherical wavefront and non-stationarity
in space domain and time domain. Li er al. [37] proposed
a cluster-based channel model to characterize the spatial non-
stationarity. To the best of the authors’ knowledge, the general
3D GBSM for ultra-massive MIMO communication systems
studying spherical wavefront, STF non-stationarity, channel
hardening, spatial consistency, and investigating system per-
formance evaluation is still missing in the literature.

Although the literature mentioned above have conducted
plenty of massive MIMO channel measurements [11], [12],
[16]-[23], [32]-[35], the ultra-massive MIMO channel mea-
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surement using physically large antenna arrays and the corre-
sponding channel model investigating channel characteristics
and system performance evaluation are still lacking. In order
to fill the gaps mentioned above, we conduct the single-
user and multi-user channel measurements in an urban sce-
nario at 5.3 GHz with 160 MHz bandwidth and propose the
corresponding channel model for characterizing the channel
of ultra-massive MIMO communication systems. The main
contributions and novelties of this paper are summarized
as follows.

1) The single-user and multi-user channel measure-
ments are conducted using different ultra-massive
MIMO antenna configurations at the BS side, including
ULA and distributed uniform linear array (DULA).
The non-stationarity, spherical wavefront, channel hard-
ening, and sparse properties are validated by the chan-
nel measurements.

2) A general 3D GBSM for ultra-massive MIMO com-
munication systems is proposed. The model is suitable
for multiple frequency bands and multiple scenarios, in-
cluding millimeter wave (mmWave), vehicle-to-vehicle
(V2V), high-speed train (HST) communications, etc.
In addition, the model covers a variety of channel
characteristics, including spherical wavefront, channel
hardening, spatial consistency, non-stationarity in STF
domains, etc.

3) Statistical properties including delay power spectral den-
sity (PSD), angular PSD, spatial cross-correlation func-
tion (SCCF), normalized user-side correlation matrix,
singular value spread (SVS), degrees of freedom (DoF),
and diversity level are studied. In addition, the channel
capacity is investigated. The simulation results and mea-
surement results are mutually verified, which gives proof
of the generality and accuracy of the proposed model.

The rest of this paper is organized as follows. In Sec-

tion II, we introduce the 5.3 GHz ultra-massive MIMO channel
measurements. Section III shows the general ultra-massive
MIMO GBSM in details. In Section IV, we present channel
measurements and simulation results and analysis. Finally,
conclusions are drawn in Section V.

II. ULTRA-MASSIVE MIMO CHANNEL MEASUREMENTS
A. Time-domain Ultra-massive MIMO Channel Sounder

The channel measurements are conducted at 5.3 GHz with
160 MHz bandwidth using the ultra-massive MIMO chan-
nel sounder, which is illustrated in Fig. 1. The Tx side
includes a vector signal generator (VSG) which can support
the generation and transmission of arbitrary waveforms, e.g.,
typical pseudo noise (PN) sequence, a power amplifier (PA), a
switch matrix which can support 8 or 16 channels in serial, 8
omnidirectional antennas spacing 5 cm with horizontally and
vertically polarized arranged alternately, and a GPS Rubidium
clock. The Rx side includes a ULA up to 4.3 m with antenna
element spacing 0.6 wavelength, 4 switch matrices which can
support 4 channels in parallel and 32 channels in serial to to-
tally support 4x32 channel measurements, a switch controller,
a low noise amplifier (LNA) with 4 channels, a multi-channel
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PXT acquisition system and equipped with a high speed disk
array which can support long time data acquisition, and a
GPS Rubidium clock. All above equipment and corresponding
parameters are summarized in Table I. It is worth mentioning
that the ultra-massive MIMO channel sounder supports flexible
switch mode, multi-channel sharing local oscillator and phase
synchronization, high dynamic range, multi-channel extension,
and high speed data transmission that can be used for outdoor
ultra-massive MIMO channel measurements.

B. Ultra-Massive MIMO Channel Measurements

Both single-user and multi-user ultra-massive MIMO chan-
nel measurements are conducted in an urban scenario at
5.3 GHz with 160 MHz bandwidth. The measurement routes,
measurement positions (Tx positions), and the position of
ultra-massive MIMO antenna array (Rx position) are shown
in Fig. 2. There are 4 measurement routes named as Route 1
(South of China Network Valley Al, Park), Route 2 (South
of China Network Valley Al, North of Mozhou East Road,
Pavement), Route 3 (East of China Network Valley Al,
Keyuan Street), and Route 4 (South of China Network Valley
Al, South of Mozhou East Road, Wisdom Jiangning mansion
downstairs). There are 42 measurement positions in total,
including 17 line-of-sight (LOS) positions shown as stars
and 25 non-line-of-sight (NLOS) positions shown as circles.
The detailed channel measurement parameters are illustrated
in Table II. The channel measurement steps are summarized
as follows. First, connect the Tx and Rx directly and set
them up to carry out calibration and obtain the response
of the measurement equipment. Then, move the Tx to the
measurement positions and set up the Tx and Rx to conduct
channel measurements. Note that there are two persons walk-
ing randomly around the Tx during channel measurements.
Finally, by measurement data processing, the channel impulse
response (CIR) can be obtained.

1) Single-user channel measurements: The single-user
channel measurement is performed at inside and outside roads
of the China Network Valley. The Tx channel sounder is
located on a truck with the antenna height about 1.5 m.
Furthermore, the Tx is configured with 8 omnidirectional an-
tennas spacing 5 cm with horizontally and vertically polarized
arranged alternately. The Rx channel sounder is located in
a small room on the top of the 4th floor with Rx antenna
about 20 m high. To compare different array configurations,
the Rx antenna array is set to two configurations. One is 4.3 m
long linear array with antenna element spacing 0.6 wavelength,
which is called ULA and the other is 8-subarray divided from
the ULA with subarray spacing 0.4 m to form a linear array
with a total length of 7.2 m, which is called DULA. Fig. 3 (a)
shows the measurement environment and Figs. 3 (b) and (c)
show the ultra-massive MIMO antenna configurations with
ULA and DULA, respectively.

2) Multi-user channel measurements: The multi-user chan-
nel measurement scenario is the same urban scenario as the
single-user channel measurement. The difference is that the Tx
consists of 4 users with 4 antennas for each user. For each user
the 4 antennas are arranged at 4 vertices of the square, one di-
agonal vertically polarized and the other diagonal horizontally
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Tx antenna Channel Rx antenna

Switch matrix < —»  Switch matrix

Power amplifier Low noise amplifier

PXI data
acquisition system

Vector signal
generator

Rubidium clock — ‘— Rubidium clock

Fig. 1. System chart of the ultra-massive MIMO channel sounder.
TABLE I
EQUIPMENT OF ULTRA-MASSIVE MIMO CHANNEL SOUNDER AND
CORRESPONDING PARAMETERS.

Equipment Parameters
Frequency range: 9 kHz-6 GHz
VSG Maximum bandwidth: 200 MHz

Maximum output power: 25 dBm
Frequency range: 500 MHz-6 GHz
PA Maximum input power: 0 dBm
Maximum output power: 46 dBm
Minimum isolation: 50 dB
Number of channels in serial: 8 or 16

Tx switch matrix

Tx antenna Frequenc (i:iln:e? 2(112—12 48 GHz
VERT2450 ueney onee o |
4.9-5.9 GHz

Omnidirectional
Precision: 101 s
Configuration: 128-channel linear array,
each channel consists of 8-element
omnidirectional patch antenna
Vertical beam width: 12° £ 2°
Horizontal beam width: 85° £ 4°
Number of channels in serial: 32
Minimum isolation: 50 dB
Frequency range: 2-6 GHz
Gain range: 10-60 dB
Number of channels: 4
Frequency range: Sub-6 GHz
Maximum sampling rate: 250 MSa/s
Capacity: 4 TB

Rubidium clock

Rx antenna

Rx switch matrix

LNA

Multi-channel acquisition
system based on PXI
High speed disk array

polarized. The center of the square is the Tx channel sounder.
The antenna configuration and measurement environment are
shown in Fig. 4.

C. Channel Measurement Data Processing

1) Acquisition of CIR: The CIR can be obtained by sys-
tem calibration and data processing. The main purpose of sys-
tem calibration and data processing is to eliminate the response
of measurement equipment [38]. Assuming that the transmitted
signal is x(t), the received signal is y(¢), the response of the
measurement equipment is g(¢), and the CIR is h(t). Then, by
direct calibration, the received signal y, (¢) can be obtained as

Yen(t) = 2(t) * g(t) (1)

where * represents the time domain convolution operator.
The direct calibration received signal y;,(¢) can be obtained
by convolving the transmitted signal x(¢) with the response
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Route 3: East of China Network
Valley Al, Keyuan Street

®
‘Mozhou East Road

(P)

Unlform Lmar Array

Fig. 2. Measurement routes and positions in an urban scenario. lum‘iiil“lllll!lll i I Iiii ii iil

TABLE II
THE CHANNEL MEASUREMENT PARAMETERS. (b) The ultra-massive MIMO antenna configuration with the ULA.
P " Single-user channel Multi-user channel
arameters measurements measurements
T " b 3 4 users and 4 antennas
X antenna number for cach user
Rx antenna number 128-channel ULA, 8 antennas for each channel; Dlstrlbuted Uniform Llnear Array
128-channel DULA, 8 antennas for each channel /
Carrier frequency 5.3 GHz
Bandwndth. 160 MHz (c) The ultra-massive MIMO antenna configuration with the DULA.
Tx antenna height 1.5m
Rx antenna height 20 m Fig. 3. The (a) single-user channel measurement in an urban scenario and

the ultra-massive MIMO antenna configurations with the (b) ULA and (c)
DULA.

of the measurement equipment g(t). Similarly, by channel
measurement the received signal can be calculated as

y(t) = x(t) * g(t) * h(t). 2)

Taking Fourier transformations of (1) and (2), we can obtain
the frequency domain channel transfer functions (CTFs) by
direct calibration and channel measurement, which can be
expressed as

Yin(f) = X(£)G(f) 3)

and

Fig. 4. Multi-user channel measurement in an urban scenario.

Y(f) = X(NHGHH(S)- )

Taking the inverse fast Fourier transform (IFFT) of H(f), the ©), ()7

> is the transpose operator, IN (¢) is the standard
CIR can be obtained as

complex white Gaussian noise with PSD Ny, and the response
h(t) = IFFT(H(f)) = IFFT(Y (f)/Yin(f)). (5 vector cr(Qg,) of the Rx array and the steering vector

cr(Q7;) of the Tx array [39] can be expressed as
2) Estimation of Channel Parameters: The channel param-

. —1 . o —1 .
eters of the /th multipath components (MPCs) include complex er(Qpy) = [77™ (B 2T (Qrerr2)
amplitude oy, delay 7;, azimuth angle ¢;, elevation angle __.7ej2ﬂ/\’1(ﬂr,z'rT,MT)]T @)
6;, and Doppler frequency v;. Then the received signal is
rewritten as and
- j2mut T cr(Qry) = [ejZM_l(nR’l'TR’l)yeﬂﬂ_l(nR‘l'rR’Q)v
t)=>_ ae?™ 't eg(Qp)er Q) x(t — ) A @neTr )| )
=1 ’ '
Ny Here, M7 and Mg represent the number of Tx antennas and
+/ 5 N @) (®) ' Rx antennas, respectively, 77 ,(p = 1,2,..., Mr) represents
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the position vector of the pth antenna element of the Tx array,
and 7r 4(¢ =1,2,..., Mg) represents the position vector of
the gth antenna element of the Rx array. The unit vectors Q27
and Qg ; can be expressed as

QT,I = [Sin(aTJ) Sin((]ﬁT’l), sin(ﬂm) COS(¢T71), COS(GTJ)]T

)

and
Qpr; = [sin(0r,;)sin(dr,),sin(0r,i) cos(dr.1), cos(@R’l)]T.
(10)

Here, 07, is the elevation angle of departure (EAoD) of /th
MPCs, ¢r is the azimuth angle of departure (AAoD) of /th
MPCs, 6, is the elevation angle of arrival (EAoA) of [th
MPCs, and ¢r ; is the azimuth angle of arrival (AAoA) of ith
MPCs. The detailed space-alternating generalized expectation-
maximization (SAGE) channel parameters extraction algo-
rithm has been investigated [40]-[42].

III. ULTRA-MASSIVE MIMO CHANNEL MODELING

As illustrated in Fig. 5, large ULAs are deployed at the
Tx and Rx sides in the proposed general channel model. For
the Tx, the number of antennas is M7 and the symbol of
antenna elements is expressed as AZ p=1,2,---,Myp),
and the distance of adjacent antenna elements is §p. For the
Rx, the number of the antennas is Mg and the symbol of
antenna element is expressed as Aff (g=1,2,---,Mp), and
the distance of adjacent antenna elements is dr. The angle
of elevation is % and the angle of azimuth is 8% at the Tx.
The angle of elevation is 3% and the angle of azimuth is 3%
at the Rx. The propagation path from the Tx to the Rx is
modeled as multi-bounce model, which can be simplified to
twin-cluster model [25]. The first bounce cluster is expressed
as C7 and the last bounce cluster is expressed as CZ. A virtual
link is abstracted between C7' and C'Z. When the first bounce
cluster C and the last bounce cluster CZ completely overlap,
i.e., the delay of the virtual link equals to zero, the proposed
twin-cluster model can capture the single-bounce transmission.
For a given scenario, the number of propagation paths from
the pth antenna Ag to the gth antenna Af at time ¢ can be
defined as Ng,(t) and the number of scatterers of the nth
propagation path can be defined as M,,(¢). Note that the Tx,
Rx, and clusters of the model have time-varying velocities and
arbitrary trajectories. In addition, all the parameters defined in
the proposed general channel model are time-varying. Just to
be clear, Table III summarizes the definitions of the important
and remaining parameters.

Wireless propagation channel fading includes large scale
fading (LSF) caused by pass loss (PL) and the shadowing
(SH) of fixed obstacles on the propagation path, and small
scale fading (SSF) caused by the fast fluctuation of signal due
to the superposition of MPCs. Note that wireless propagation
channel fading has been represented in the complete channel
matrix as

H=[PL-SH]'*H,. (11)
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Fig. 5.

A general 3D ultra-massive MIMO GBSM for 6G communica-
tion systems.

In (11), H, is the matrix of SSF, which can be expressed as

H, = [hqp(t,T)}MRxMT . (12)

The CIR from the pth antenna A" at the Tx to the gth

antenna A at the RX hgy(t, 7) includes the LOS component
and the NLOS components can be calculated as

| Kre(t) |1
hap(t, T) = %hgp(t,T)wL mhf}é(t,v).

13)

In (13), the symbol of LOS component is expressed as
h%(tm), the symbol of NLOS components is expressed as
h

qp
K rp(t). Furthermore, the LOS component h% (t, 7) is further
calculated as

(t,7), and the symbol of Rician K-factor is expressed as

T
Fov, (0% (1), 0% (1))
hay(t,7) = | 070 ’
ap Fom, (08 (1), 0% (1))
y IO 7 0H B} Fypv, (05 1(t), ¢4, 1(1)
0 —el0" | P, (05, 1,.(8), 6% (1))
% 6j2wfcr§p(t)5(T_T;p(t)). (14)

The NLOS components hlY (¢,7) is further calculated as

T
Ngp(t) My (t)
W = 3 3 | Fat (OB, 00, ()
v n=1 m=1 Fq’Hp (¢§,mn (t)7 ¢§,mn (t))
TGN Kl (t)e0ntn
X
Kk (edonn ot
X Fp7Vp ((bg,mn (t)7 g,mn (t)) P (t)
qp,Mmn
Fp 11, (9, m,, (8): O, (1))
x ed2mfeTanma ) L §(7 — 1 (1)), (15)

Here, F\, (-) and FT,; (-) represent the antenna radiation
p,Vp . p;ip . . .
patterns of vertical and horizontal polarizations at the Tx,
R R . .
F%, (+) and F %y (-) represent the antenna radiation patterns
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TABLE III
DEFINITION OF KEY CHANNEL MODEL PARAMETERS.

Parameters Definition
fe Carrier frequency
D Distance between the Tx antenna A{ and the Rx antenna Af‘ at initial time
Dyp(t) Distance between the pth Tx antenna AZ; and the gth Rx antenna ALI;L at time ¢
dq,;m Distance between the Tx antenna Af and the mth scatterer of the first bounce cluster C7* at initial time
dﬁn Distance between the Rx antenna A and the mth scatterer of the last bounce cluster C'Z at initial time
d;f,m" () Distance between the pth Tx antenna A;;F and the mth scatterer of the first bounce cluster C;? at time ¢
dﬁmn (t) Distance between the gth Rx antenna Aff and the mth scatterer of the last bounce cluster CZ at time ¢
ﬁz;, ,Bﬁ Azimuth angles of the Tx and Rx antenna arrays, respectively
Bg ,BE Elevation angles of the Tx and Rx antenna arrays, respectively
o7, OR Distances of adjacent antenna elements of the Tx and Rx antenna arrays, respectively

oT (1), v (L), vAn (1), von (L)

Velocities of the Tx, Rx, first bounce cluster C*, and last bounce cluster CZ at time ¢, respectively

QL (0). (0. o (1), aZ (1)

Azimuth angles of moving direction of the Tx, Rx, first bounce cluster C;/, and last bounce cluster CZ

at time ¢, respectively

ag (1), (1), CVg"(t), aé” (t)

Elevation angles of moving direction of the Tx, Rx, first bounce cluster C,‘;‘, and last bounce cluster C7

at time ¢, respectively

T T
¢A,L’ 5L

AAoD and EAoD from the Tx antenna A{ to the Rx antenna A{% at initial time, respectively

R R
P4 PE.L

AAO0A and EAoA from the Rx antenna A{% to the Tx antenna A{ at initial time, respectively

T T
PAmp PEm,

AAoD and EAoD from the Tx antenna A? to the mith scatterer of the first bounce cluster X

at initial time, respectively

¢R R
Amy’ TEmy

AA0A and EAoA from the Rx antenna AT to the mith scatterer of the last bounce cluster C7

at initial time, respectively

Pqp,mn (t)

Power of the ray from the pth Tx antenna AE to the gth Rx antenna A(}f at time ¢, through the mth scatterer

located in the first bounce cluster C2* and the mth scatterer located in the last bounce cluster CZ

of vertical and horizontal polarizations at the Rx, respectively,
H‘L/”V” and 0f”Hp represent the random phases of vertical
and horizontal polarizations of LOS comgonent which are
uniformly distributed in [0, 27), Gr‘rffnvP, Gm’;H”, and HanHP
(QZZVP) represent the random phases of vertical, horizontal,
and crossed polarizations of NLOS components which are
uniformly distributed in [0,27), &,,, represents the cross
polarization ratio, Py, (t) represents the power of the ray
from the pth antenna Ag to the gth antenna AqR at time ¢,
through the mth scatterer located in the first bounce cluster
C# and the mth scatterer located in the last bounce cluster
CZ, and T4y m, (t) represents the delay of the ray from the
pth antenna A" to the gth antenna A at time ¢, through the
mith scatterer located in the first bounce cluster C/ and the
mth scatterer located in the last bounce cluster C'#, which can

n?’
be calculated as

dap,m, (1)
B .

Tap,mn (£) = (16)
In (16), ¢ is the speed of light, dg,m, () is the distance
between the pth antenna Ag at the Tx and the gth antenna
AqR at the Rx at time ¢, through the mth scatterer located in
the first bounce cluster C4 and the mth scatterer located in
the last bounce cluster Cf , which is calculated as

dqp,mn (t)

Here, || - || represents the two norm operator, 7., is the
virtual link delay from the scatterer located in first bounce
cluster to the scatterer located in last bounce cluster. Due to the
reciprocity between the uplink channel and downlink channel,

=l dpm,, @) | + I dg.m,, () | +Fm,c. (A7)
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the calculations of J‘;,mn (t) and J:z,m” (t) are the same. Let
us take d,, ,,, (t) as an example, which is calculated as

- -

t t
dpm,, (t) = dpm,, + / o (t)dt — / 5T(t)dt - IZ (18)
0 0

In (18), Jmn is the distance vector from the first antenna A7 at
the Tx to the mth scatterer located in the first bounce cluster
C;j‘ at initial time, Zg is the distance vector from the first
antenna A{ to the pth antenna AT at the Tx.

The non-normalized power of the ray P, ., (t) can be
expressed as

rr — 1 —Zgp,mp
P(;p,mn(t) :eXp<_qu"m"(t)rTDS) 10— 10 . (19)

In (19), r is the delay distribution proportionality factor and
Zap,m,, 18 the per ray shadowing [43]. The normalized power
of the ray can be expressed as [27]

Ppma ()

qap,Mn
Nap(t) <=M, (¢ ’
S e Py ()

The movement of the Tx causing the change of positions,
the large scale parameters (LSPs) as well as corresponding
small scale parameters (SSPs) should be updated. Ultra-
massive MIMO channel modeling includes two parts. One
is initialization and the other is update. First, we should
define simulation parameters, network layout, and scenario.
Then, the Tx trajectory should be defined and initial LSPs
should be generated. Next, the initial SSPs should be generated
according to the LSPs. Finally, we should update the LSPs as
well as the SSPs to get channel coefficient. We will introduce

Py, (t) = (20)
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the generations of LSPs and SSPs, and the cluster evolution
process in details.

A. The Generation of LSPs with Spatial Consistency

The LSPs refer to DS, angle spreads (ASs), Krpr, SH, and
cross polarization ratio x, which depend on the position of
the Tx and the position of the Rx. The AS includes azimuth
spread and elevation spread, which can be further expressed as
azimuth spread of departure (ASD), azimuth spread of arrival
(ASA), elevation spread of departure (ESD), and elevation
spread of arrival (ESA). The detailed sum-of-sinusoids (SoS)
method that used for generating LSPs is recommended in
QuaDRiGa [44]. Because the generation of LSPs is related
to the spatial positions, the proposed model inherently has
spatial consistency property.

B. The Generation of SSPs

The SSPs are generated according to LSPs. The cluster
delays, powers, and angles can be obtained according to 3GPP
TR 38.901 in [43]. The distances between the Tx or Rx to
the corresponding clusters are modeled as random variables
generated with an exponential distribution. Assuming that the
center of a cluster is the origin. The distribution of positions
(2',y,2") of scatterers in the cluster is modeled as ellipsoid
Gaussian scattering distribution [27], which is calculated as

2 /2 12

exp(—szDS - - zi%ES)

(2m)3/20psoAsoRs '
In (21), 045 and ogg are the standard derivations for the
scatterers’ azimuth angles and elevation angles distributions in
one cluster, respectively, and opg is the standard derivation
which describes the distribution of the delays from the Tx
or Rx to the scatterers in one cluster. Note that the 045 and
ops can be further expressed as 0 45p and oggp at the Tx,
and can be further expressed as cas4 and ocpga at the Rx.
In addition, the expression of (21) describes the locations of
scatterers in the space without showing angle information.
To show the angle information, we define (d, ¢, ¢ 4) as the
center position of one cluster [27], [45]. Then the relationship
between the scatterers’ positions (z, y, z) in one cluster whose
center position is (d, ¢y, p,) and the scatterers’ positions
(z',y’,7") in one cluster whose center position is the origin
can be calculated as

2
20% ¢

p(a',y',2') = 2h

x cos(dy) —sin(gy) 0]
y| = |sin(ds) cos(dy) O
z 0 0 1_

[ cos(¢pp) 0 sin(aE)_ ' —d
x 0 10 Y
| -sin(@r) 0 cos(@e)] | =

Substituting z = dcos(¢g)cos(da), y = dcos(dg)sin(pa ),
and z = dsin(¢g) into (22), the azimuth angles of scatterers,
the elevation angles of scatterers, and the distances between
the Tx or Rx and the scatterers located in one cluster can
be obtained in the spherical coordinate system.

(22)
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C. The Evolution Process of the Clusters

The proposed channel model can support the characteristic
of STF non-stationarity. For ultra-massive MIMO antenna
array, we can observe the phenomenon that along the array
clusters may appear and disappear. In addition, clusters will
go through a birth-death process with the movement of the
Tx along the time axis [46]. Note that the evolution process
of the cluster in the space domain and time domain of the
proposed general channel model is modeled jointly. For the
Tx, the symbol of initial time is expressed as ¢; and the symbol
of antenna element is expressed as AZ, and the symbol of the
cluster is expressed as CpT (t;). For the Rx, the symbol of initial
time is expressed as ¢; and the symbol of antenna element is
expressed as A, and the symbol of the cluster is expressed
as CH(t;). At the next time ¢; + At, the clusters will evolve
into CT, | (t; + At) at the Tx and CJ, (; + At) at the Rx.
The evolution process of the clusters in the space domain and
time domain can be expressed as

CT(t:) 5 CT (ti+ A (p=1,2,---, Mp — 1)(23)

and

CR(t) o CR (i + A (g=1,2,--- , Mg —1).(24)

In (23) and (24), B, s the symbol of the evolution process of
clusters. By the evolution process of the clusters in the space
domain and time domain, we can obtain the probabilities of
the survival clusters at the Tx and Rx sides expressed as

pT (At,6,) = e—AR[(6?)2+(€2T)2+261T€§C05(a£—ﬁi)]1/2 (25)

sur
and

Ps{l?f(Ata by) = e—AR[(65)2+(€§)2+26565005(0¢§—ﬁlj)]1/2_(26)
Here, M\ is the recombination rate of the cluster, elT =
% (6, = (p—1)07) and € = “TD?t represent the dis-
tance differences due to the array evolution and time evolution
at the Tx, respectively, e = % (64 = (¢ —1)6R) and

R __ vrAt
€ = B3

evolution and the time evolution at the Rx, respectively, Df is
the coefficient in the space domain determined by the scenario,
and D? is coefficient in the time domain determined by the
scenario. Combined with cluster evolution in the frequency
domain, the survival probability considering cluster evolution
in STF domains can be obtained as

Par(At, 6,04, Af) = PL(At,5,) PR

sur sur

represent the distance differences due to the array

(At» 5q) : Psur(Af)
(27

The probability of the survival clusters in the frequency
domain Py, (Af) is calculated as [47]

_ARE(@AD

P@ur(Af) =€ ol (28)

In (28), F(Af) and D can be obtained by channel measure-
ments. Finally, the mean value of the newly generated cluster
considering STF evolution process is calculated as

)\G

=R (1 (29)

E [Nnew] - Psur(Ata 5pa 5!17 Af))

rg/)
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where A\ is the generation rate of the cluster.

For mmWave and terahertz (THz) communications with
large bandwidth, clusters will go through a birth-death pro-
cess in different subcarrier frequencies and frequency non-
stationarity needs to be considered. For sub-6 GHz bands,
the proposed general channel model can be simplified to a
frequency-stationary channel model by setting Py, (Af) = 1.

D. Update of the Parameters

Due to the movement of the Tx, the LSPs need to be
updated. When the position of the Tx and the position of the
Rx are determined, the corresponding LSPs can be generated.
The SSPs can be updated according to LSPs. Furthermore, the
elevation angles, azimuth angles, and the distances from the
centers of clusters to the Tx or Rx for the new clusters as well
as the parameters of scatterers need to be updated.

E. The Generality of the Channel Model

It is worth mentioning that the proposed channel model is
suitable for mmWave communications with distinguishable ray
delay, V2V communications with the time-varying speeds for
the Tx and Rx [48]-[51], 3D communication environments
with azimuth and elevation dimensions, HST communications
with high speed of the Tx or Rx, etc. By adjusting the
corresponding parameters, we can easily apply the proposed
general channel model to different frequency bands and com-
munication scenarios.

IV. CHANNEL MEASUREMENTS AND SIMULATION
RESULTS AND ANALYSIS

In this section, channel measurements and simulation results
are presented. Some simulation parameters of the model
related to system configuration were set according to ultra-
massive MIMO channel measurements, such as carrier fre-
quency, antenna configuration, antenna height, positions of the
Tx and Rx, etc. Some model parameters were extracted by
measurement data processing results, such as DS, ASA, etc.
Some model parameters were determined by fitting statistical
properties to the corresponding channel measurement data,
such as the generation rate of the cluster A\“, the recombination
rate of the cluster A%, the standard derivations of the scatterers’
azimuth angle distributions 0454 and o4sp, the standard
derivations of the scatterers’ elevation angle distributions
ocgsa and oggp, the standard derivations of the scatterers’
delays from the Tx or Rx to the scatterers distribution opg,
etc. The rest model parameters were randomly generated
according to the 3GPP TR 38.901 channel model.

A. Non-Stationarity and Spatial Consistency

1) Delay PSD: Fig. 6 shows the single-user channel mea-
surement delay PSD with the Tx moving along Route 1. There
are 2400 snapshots lasting about 27.6 s. As we can see from
Fig. 6, the variation of the LOS component is significant,
which verifies the temporal non-stationarity of the chan-
nel [52]. Spatial consistency refers to the strong correlation
of channel parameters between different locations, when they

© 2022 |IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.o
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Fig. 6. An illustration of the measured delay PSD along Route 1.

are close to each other. The continuous and slow variations of
the delay PSD with Tx positions shown as snapshots clearly
demonstrates the spatial consistency. Figs. 7 (a) and (b) present
the single-user measured delay PSD and estimated delay PSD
from SAGE with ULA and DULA at the Rx side, respectively.
It should be known that in SAGE algorithm, 100 MPCs are
selected to extract channel parameters by weighing algorithm
accuracy and complexity. We can conclude that most MPCs
can be estimated and the estimated delay PSD is consistent
with the measured delay PSD, which verifies the accuracy of
SAGE algorithm.

2) RMS DS: The RMS DS describes the power of MPCs
spreading over the delay. The reciprocal of the RMS DS
represents the coherence bandwidth. Further, the RMS DS can
be expressed as [40]

DS =

2
ZlL:1 ‘PlTl2 _ ZZL=1 BTI (30)
Y P Y P

where P, is the power of the [th MPCs, and can be expressed as
P = |og]?.

Fig. 8 shows the cumulative distribution functions (CDFs)
of log,o(DS/1 s) in LOS and NLOS environments, which
can be fitted by base 10 lognormal distributions with
N(—7.55,0.182) and N(—7.41,0.152), respectively. The base
10 lognormal distribution refers to that the CDF of DS is
obtained by the operation of log,,(DS/1 s). The relation-
ship between the coherence bandwidth B, and RMS DS is
B.~ %. Taking the reciprocal of the RMS DS, the coherence
bandwidths can be obtained with 35.5 MHz and 25.7 MHz in
LOS and NLOS environments, respectively. The mean value
of DS in LOS environments is smaller than that in NLOS
environments while the variance in LOS environments is larger
than that in NLOS environments. In addition, the simulation
results of the proposed general channel model are consistent
with the measurement results, which indicates that the model
is highly accurate.

3) RMS AS: The RMS AS represents the power of MPCs
spreading over the angle. The reciprocal of the RMS AS is the
coherence distance. Note that the RMS AS includes the RMS
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Fig. 7. The measured and estimated delay PSDs of the single user in a LOS
environment.

ASA, RMS ASD, RMS ESA, and RMS ESD, we will focus
on the RMS ASA. Correspondingly, the RMS AS of ASA can
be expressed as [40]

L
i Piok, B Zlel Por,
T T
Yo b Yo b

As illustrated in Fig. 9, the CDFs of log,,(AS/1°) are
fitted by base 10 lognormal distributions with N (1.11,0.10?)
in LOS environments and N(1.13,0.09%) in NLOS envi-
ronments, respectively. The base 10 lognormal distribution
refers to that the CDF of AS is obtained by the operation
of log,,(AS/1°). The relationship between the coherence
distance D, and RMS AS is D, = %. Taking the re-
ciprocal of the RMS AS, the coherence distances can be
obtained with 0.25 m and 0.24 m, which are about 7.4
and 7.1 antennas spacing in LOS and NLOS environments,
respectively. Compared with NLOS environments, the mean
value of AS is smaller while the variance is larger in LOS
environments, which is consistent with the fact that there are
more scattering components in NLOS environments than those
in LOS environments. The consistency of simulation results
and measurement results of AS validates the accuracy of the
proposed general channel model.

AS =

3D
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Fig. 9. CDFs of log;;,(AS/1°) in LOS and NLOS environments (LOS:
oAsA=Tm oagp =71MmM, 0psa =5m, ogsp =5m, opg =6 m, AC
=20/m, A = 1/m; NLOS: 0454 = 14 m, cas5p = 14 m, ogsa = 12 m,
opsp = 12 m, ops = 8 m, A = 20/m, A% = 1/m).

4) SCCF: The SCCF describes the correlation of different
antennas along the array, which can be expressed as

Pupat (607,8R) = B | hyp(D)hiy (1)

Krr(t) 1
= Kp() 11 Pavar (07:08)
1 N
" m Pap.qp (07, 0R).(32)

Here, p and p’ represent the different Tx antenna indices,
q and ¢ represent the different Rx antenna indices, E[]
represents the operator of expectation, and (-)* represents the
conjugate operator.

As illustrated in Fig. 10, the distance between the antennas
has obvious effect on the SCCF and large distance leads
to a decrease in the SCCF. Furthermore, the consistency
of the measured and simulated single-user SCCFs verifies
that the proposed general channel model is applicable to the
measurement scenario. Taking 0.5 as the threshold [53], the
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Fig. 10. The measured and simulated single-user SCCFs for the ULA in
a LOS environment and a NLOS environment (LOS: 0454 =5 m, 0asp
=5m, ogsa =5m, ocgsp =5m, opg =4 m, A =20/m, \F = 1/m;
NLOS: 0454 =15m,045p =15m,0554 =15m, cggp = 15m, opg
=7 m, A“ = 20/m, A% = 1/m).

35 T . . . .
Route 1, Position 6, ULA

- = =Route 1, Position 7, ULA
————— Route 1, Position 6, DULA
I N, LT Route 1, Position 7, DULA

o

(=}
-
P

-

AAoA of LOS path (°)
o .
W

[SS]
(=}

20 40 60 80 100
Antenna index

Fig. 11. The AAoAs of LOS path of the single user in a LOS environment.

coherence distance of 0.50 m can be obtained in a LOS
environment. Note that the coherence distance of 0.50 m is
about 14.8 antennas spacing. Taking 0.5 as the threshold, the
coherence distance of 0.10 m can be obtained in a NLOS
environment. Similarly, the coherence distance of 0.10 m is
about 2.9 antennas spacing. The conclusion that the coherence
distance is larger in LOS environments than that in NLOS
environments can be obtained.

B. Spherical Wavefront Property

1) AAoA of LOS path: As illustrated in Fig. 11, the AAoAs
of LOS path gradually drift along the array. We can observe
that for the DULA the range of variation for angle is larger
than that for the ULA, which indicates that the longer array
for ultra-massive MIMO will make the spherical wavefront
property more obvious.

2) Angular PSD: Figs. 12 (a) and (b) show the angular
PSD for ULA and DULA in a LOS environment, respectively.
Similarly, we can find that the AAoAs of LOS path drift along
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Fig. 12.  The angular PSD of the single user in a LOS environment

(Route 1, Position 7).

the array. In addition, the birth and death of MPCs along array
axis show the spatial non-stationarity of ultra-massive MIMO
antenna array.

C. Channel Hardening Property

1) Normalized User-side Correlation Matrix: The normal-
ized user-side correlation matrix describes the correlation
between users, which can be calculated as

B (s, /)H" (s, f)|

1
NNy zf: I H (s, ) (1 B (s, f) ||

Here, N, is the number of snapshots, N, is the number of
frequency points, H(s, f) is the Mp x K My channel matrix
for the sth snapshot and fth frequency point, K and My
indicate that there are K users and M antennas for each user,
respectively, and Mg indicates that there are M r BS antennas.

The normalized correlation matrices of 4 users with the
distance between users Dy, = 0.2 m when the Rx antenna
array equipped with the ULA and DULA are illustrated in
Figs. 13 (a) and (b), respectively. Note that the dimension
of the normalized user-side correlation matrix in Fig. 13 is
actually 16x 16 and the dimension of the normalized user-side
correlation matrix between two users is 4x4. Therefore, the

C'user =

(33)
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Fig. 13.  The normalized user-side correlation matrix with different Rx
antenna numbers in a LOS environment (Route 1, Position 7, Dyser = 0.2 m).

non-integer values in Fig. 13 represent the correlation between
different antennas belonging to corresponding users. The ULA
has larger correlation compared with the DULA specially in
the case that 32 and 64 BS antennas are used. The correlation
between users will decrease when we increase the number of
BS antennas. As the number of BS antennas increases from 32
to 128, the value of the non-diagonal element of the correlation
matrix gradually decreases when taking value 1 of the diagonal
element as a reference.

2) SVS: The SVS of the channel matrix is an indicator to
evaluate the joint orthogonality of users [18], [54]. Singular
values are generated by singular value decomposition (SVD)
of the channel matrix. The SVD is an efficient way to decom-
pose an ultra-massive MIMO channel into multiple parallel
single-input single-output (SISO) channels [54]. The SVD of
the transpose of the channel matrix can be calculated as

HY = U;XUR. (34)

In (34), Ur is a KMy x KMy unitary matrix, Ug is
an Mpr x Mp unitary matrix, and 3 is a KMy x Mpg
diagonal matrix composed of singular values, which are also
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the non-negative square roots of the eigenvalues of the matrix
H'H* [55]. In general, KMy is smaller than Mp. For
example, in our channel measurements, K M = 16 is much
smaller than My = 128. Thus, the number of singular values
is KMrp.

The SVS can be expressed as
maxo;
_J
min o;

J

€ [1,400) (35)

Rsys =

where 01,09, -+ ,0Knm, are the KMy singular values. The
K M singular values represent square roots of signal powers
of KMy parallel SISO channels. When the SVS is close to
one, the channel vectors of different users are approximately
orthogonal and the channel matrix is almost full-rank. In this
case, the favorable propagation condition is satisfied. When
the SVS tends to infinity, the channel matrix becomes rank-
deficient and the number of parallel SISO channels is smaller
than K My [56]. Thus, the channel vectors of at least two
users are non-orthogonal. Therefore, a larger SVS represents
that at least two users’ channel vectors are almost parallel,
which means that the two users have a strong correlation.

In Fig. 14, SVSs of 4 users with the distance between users
Dyser = 0.2 m when the Rx antenna array equipped with the
ULA and DULA are compared. The measurement results of
the ULA and DULA are in dashed and solid lines, respectively.
We can see that the ULA has larger SVSs in comparison with
the DULA in a LOS environment. In the case that more BS
antennas make the value of SVS smaller. Larger number of
BS antenna elements and longer BS antenna array will make
the value of SVS smaller in LOS environments, which are the
effective ways to reduce the correlation between users.

D. Sparse Property

1) DoF: The DoF is an indicator of sparse property, which
can be defined by the coupling matrix €2, of non-vanishing
power [57]-[59]

D= ‘{(qvp) 1 (g:p) 2 cmreshmax(m)}‘ . (36)

In 36), Q, = En [(UgHU*T) ® (UEH*UT)}, ()E rep-
resents the conjugate transpose operator, © represents the
Schur-Hadamard multiplication based on elements, and chresh
is the threshold which can be determined by the measure-
ments. Here, 0.01 for cgesn 1S selected for the measurement
results and analysis. Note that the upper bound value of DoF
is Mg - Mrp.

2) Diversity Level: The diversity level is an indicator of
sparse property, which is defined as [57]-[60]

tI'(RH)
U(Ry) = (37
| Ra ||
In (37), tr(-) and || - || represent the trace and Frobenius norm

of the matrix, respectively, Ry is the full correlation matrix
and can be expressed as Ry £ Eg [vec(H)veC(H)H}, vec()

represents the operator of stacking the columns of a matrix
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Fig. 14. The CDFs of SVSs with different Rx antenna numbers and antenna
configurations in a LOS environment (Route 1, Position 7, Dyser = 0.2 m).

into a vector. Similarly, the upper bound value of diversity
level is Mg - M.

Fig. 15 illustrates the DoFs and diversity measures of the
single user with Rx antenna number from 8 to 128 for the
ULA and DULA. We can see that the DULA has larger DoFs
and diversity in comparison with the ULA under the condition
of the same number of Rx antennas in a LOS environment.
More BS antennas make the values of the DoFs and diversity
larger. Larger number of BS antenna elements and longer
BS antenna array will contribute to increase the values of
DoFs and diversity in LOS environments. In addition, the
values of DoFs and diversity are much smaller than the upper
bound value Mg - M7 = 128 x 8, which clearly indicates the
sparse property.

E. Channel Capacity

Ergodic channel capacity is also called average channel ca-
pacity, which is defined as the ensemble average of the instan-
taneous capacities over all possible channel realizations. The
single-user received power for the sth snapshot and fth fre-
quency point is calculated as P, (s, f) =|| H(s, f) ||* /MM
and H(s, f) is the Mg x KMy channel matrix for the sth
snapshot and fth frequency point with K = 1. The single-
user ergodic channel capacity is calculated as [61]

1 P - ~H
C= W ;10& det (IMR + EH(&JC)H (&f))

(38)

In (38), det [-] represents the determinant operator, p represents
the signal-to-noise ratio (SNR), I, represents the identity
matrix of order Mp, and H(s, f) is the normalized channel
matrix for the sth snapshot and fth frequency point which can
be calculated as H(s, f) = H(s, f)/\/P,(s, f).

Fig. 16 shows the measured and simulated channel capaci-
ties of Route 1 Position 1 with 8 antennas at the Tx side, the
ULA at the Rx side. We can notice that the simulation results
show good agreements with the measurement results, which
proves that the proposed general channel model is appropriate
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Fig. 16. The measured and simulated channel capacities of the single user in
a NLOS environment for Route 1, Position 1, ULA (6454 =12 m, 045D =
12 m, opsA = 10 m, ogsp = 10 m,opgs = 8 m, )\G = 20/m, )\R = I/m).

for the measurement scenario. Furthermore, the SNR value
has great influence on the channel capacity and large SNR
value will increase the channel capacity. Under the premise of
acceptable complexity, we can increase the number of antennas
to increase channel capacity.

V. CONCLUSIONS

In this paper, 5.3 GHz ultra-massive MIMO channel mea-
surements with different antenna configurations have been
conducted in an urban scenario. The statistical properties,
including delay PSD, angular PSD, SCCF, normalized user-
side correlation matrix, SVS, DoF, and diversity level have
been investigated. The continuous variation of delay PSDs has
illustrated spatial consistency and temporal non-stationarity
properties. The mean values and variances of RMS DS and
RMS AS have been shown to follow lognormal distributions.
The difference between SCCFs in LOS and NLOS envi-
ronments has indicated that the coherence distance in LOS
environments is larger than that in NLOS environments. The
variation range of AAoA of LOS path along the array when
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the Rx uses the DULA is larger than that of using the ULA,
which has shown that the spherical wavefront is more evident
for the longer antenna array. The correlation between users
decreases with the increase of Rx antenna number, which
has verified channel hardening characteristic. The correlation
between users when the Rx uses the DULA is smaller than that
of using the ULA in a LOS environment. We can conclude that
the user correlation has been deduced by the longer antenna
array. In addition, the values of DoFs and diversity are much
smaller than the upper bound value Mg - M7 = 128 x 8, which
clearly indicates the sparse property.

In addition, a general 3D non-stationary GBSM for 6G
ultra-massive MIMO communication systems has been pro-
posed. The proposed model has the ability to support multiple
frequency bands and multiple scenarios. The statistical prop-
erties of the simplified ultra-massive MIMO channel model
have been studied and validated by measurement results, in-
cluding RMS DS, RMS AS, and SCCF. Similarly, the channel
capacity has been investigated and validated by measurement
results, which has verified the proposed general channel model
and its practicability.
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