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Abstract—In this paper, ultra-massive multiple-input multiple-
output (MIMO) channel measurements at 5.3 GHz are conducted,
including different antenna array configurations and different
measurement scenarios. The antenna array configurations include
uniform linear array (ULA) and distributed uniform linear array
(DULA). The measurement scenarios include single-user fixed-
to-fixed (F2F), multi-user F2F, and single-user fixed-to-mobile
(F2M) measurement scenarios. The statistical properties of ultra-
massive MIMO channels are studied, including delay power spec-
tral density (DPSD), space cross-correlation function (SCCF), angle
cross-correlation function (ACCF), frequency correlation function
(FCF), root mean square (RMS) delay spread (DS), RMS angle
spread (AS), singular value spread (SVS), scalar product (SP),
level crossing rate (LCR), average fading duration (AFD), Doppler
power spectral density (PSD), etc. The specific ultra-massive
MIMO channel characteristics are investigated and validated by
channel measurements, including spatial non-stationarity, spheri-
cal wavefront behavior, channel hardening, and sparse properties
in the angle domain. In addition, channel capacities are investi-
gated. The channel measurement results will be a great importance
for ultra-massive MIMO communication system deployments.

Index Terms—Ultra-massive MIMO, channel measurements,
non-stationarity, sparse property, channel capacity.
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I. INTRODUCTION

THE development and evolution of the fifth generation (5G)
communication systems promote various technologies.

Compared with 5G communication systems, the sixth generation
(6G) communication systems are expected to further improve
the capacity. As an efficient way to enhance spectral efficiency,
power efficiency, and spatial reuse, ultra-massive multiple-input
multiple-output (MIMO) technology has attracted more and
more attention for 6G communication systems [1], [2], [3],
[4], [5]. Ultra-massive MIMO channel is the basis for the
ultra-massive MIMO communication system design, perfor-
mance evaluation, and optimization. With hundreds or even
thousands of antennas employed in ultra-massive MIMO com-
munication systems [6], [7], the ultra-massive MIMO chan-
nels have unique channel characteristics, such as spherical
wavefront behavior, spatial non-stationarity, channel hardening,
etc.

The channel characteristics of ultra-massive MIMO need to
be further explored by channel measurements. At present, it is in
the evolution stage from massive MIMO of 5G communication
systems to ultra-massive MIMO of 6G communication systems.
The number of antennas and the dimension of the array become
larger and larger. There are a variety of massive MIMO chan-
nel measurements in the literature.

In [8], [9], outdoor stadium channel measurements were
conducted at 1.4725 GHz with a 91 MHz bandwidth. A 128-
port virtual uniform linear array (ULA) and a uniform cylin-
drical array (UCA) were employed at the base station (BS)
side. The angle of departure (AoD) drifting along the ULA
verified spherical wavefront behavior [10], [11], [12], [13].
In [14], [15], [16], [17], channel measurements were conducted
at 2.6 GHz with a 50 MHz bandwidth. Similarly, a 128-port
virtual ULA and a 128-port UCA or only a 128-port virtual
ULA were employed at the BS side. By analyzing the Rician
K-factor (KF) and received power levels changing along an-
tenna array, spatial non-stationarity can be verified [12], [18].
In [19], outdoor urban channel measurements were conducted
at 3.5 GHz with a bandwidth of 200 MHz and a 256-element
virtual antenna array was employed at the BS side. Given the
smaller channel capacities of the measurement channel com-
pared to the independent identically distributed channel, it can
be concluded that the favorable propagation condition can not
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be realized. Note that the favorable propagation condition refers
to the orthogonality of channel vectors for different users [20],
[21].

In [22], outdoor urban channel measurements were conducted
at 2.53 GHz with a 20 MHz bandwidth. The antenna arrays were
a virtual UCA of 16 × 60 antennas at the transmitter (Tx) and
a dual polarized 64-port uniform circular patch array at the re-
ceiver (Rx). The intra-cluster properties, inter-cluster properties,
and correlation of cluster parameters were investigated. In [23],
outdoor to indoor, urban microcell, and urban macrocell channel
measurements were conducted at both 3.5 GHz and 6 GHz with
200 MHz bandwidths. Note that a uniform planar array (UPA)
of 32 antennas was shifted in horizontal and vertical dimensions
to form a virtual UPA of 256 antennas at the Tx. The Rx was
equipped with 16 antennas. The multi-user channel capacity was
investigated and was shown to improve with the increase of Tx
antennas.

All the above massive MIMO channel measurements used
virtual antenna arrays. In the literature, only a few massive
MIMO channel measurements used physically large antenna
arrays instead of virtual antenna arrays. In [24] and [25], channel
measurements were conducted at 5.8 GHz with a bandwidth
of 100 MHz. A 5.78 m long array of 128 monopole elements
was employed at the BS side. The standard deviation of the
mean power of the antenna array decreased when the number
of antennas increased, which verified the channel hardening
property [26]. In [26], ultra-massive MIMO channel measure-
ments were conducted at 5.3 GHz with a 160 MHz bandwidth,
including single-user and multi-user channel measurements.
The delay power spectral density (PSD), angular PSD, space
cross-correlation function (SCCF), normalized user-side corre-
lation matrix, singular value spread (SVS), degrees of freedom
(DoF), and diversity level were studied. However, ultra-massive
MIMO channel measurements using physically large antenna
arrays with different antenna configurations have not been suf-
ficiently investigated. Comprehensive statistical properties of
ultra-massive MIMO channels need to be further explored. In
order to fill the gaps mentioned above, we conduct the ultra-
massive MIMO channel measurements with different antenna
configurations and in different measurement scenarios. The
main contributions and novelties of this paper can be summa-
rized as follows.

1) Ultra-massive MIMO channel measurements are con-
ducted, including two antenna array configurations and
three measurement scenarios. The two antenna array
configurations include ULA and distributed uniform lin-
ear array (DULA). The three measurement scenarios in-
clude single-user fixed-to-fixed (F2F), multi-user F2F,
and single-user fixed-to-mobile (F2M) measurement sce-
narios.

2) Comprehensive statistical properties are studied, such
as delay power spectral density (DPSD), SCCF, angle
cross-correlation function (ACCF), frequency correlation
function (FCF), root mean square (RMS) delay spread
(DS), RMS angle spread (AS), SVS, scalar product (SP),
level crossing rate (LCR), average fading duration (AFD),
Doppler PSD, etc.

Fig. 1. The ultra-massive MIMO channel measurement scenarios.

3) Specific characteristics of massive MIMO channels are
investigated and validated by channel measurements, in-
cluding spatial non-stationarity, spherical wavefront be-
havior, channel hardening, and sparse properties in the
angle domain.

4) Channel capacities are studied, including multi-user mul-
tiple access channel (MAC) capacity, multi-user interfer-
ence channel (IC) capacity, and single-user channel ca-
pacity.

The rest of this paper is organized as follows. Section II intro-
duces the ultra-massive MIMO channel measurements and data
processing. Section III shows statistical properties and channel
capacities. Section IV shows channel measurement results and
analysis. Finally, conclusions are drawn in Section V.

II. ULTRA-MASSIVE MIMO CHANNEL MEASUREMENTS

The measurements are conducted at 5.3 GHz with a 160 MHz
bandwidth using an ultra-massive MIMO channel sounder. The
measurement scenarios include single-user F2F, multi-user F2F,
and single-user F2M measurement scenarios. As shown in Fig. 1,
4 measurement routes are used. In addition, line-of-sight (LOS)
positions are marked as stars and non-line-of-sight (NLOS)
positions are marked as circles.

A. Ultra-Massive MIMO Channel Sounder

The equipment of the channel sounder at the Tx side includes
a vector signal generator (VSG), a power amplifier (PA), a switch
matrix, Tx antennas, and a GPS Rubidium clock. The equipment
of the channel sounder at Rx side includes the 128 × 8 ultra-
massive MIMO antenna array, switch matrices and controller,
a low noise amplifier (LNA), a high speed disk array, and a
GPS Rubidium clock. To study the impact of array aperture
size on channel characteristics, we utilized two configurations
of ultra-massive MIMO antenna arrays, i.e., ULA and DULA
configurations as shown in Fig. 2.
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Fig. 2. The configurations of the 128 × 8 ultra-massive MIMO antenna array.

1) ULA Configuration: The ULA configuration refers to the
128 × 8 ultra-massive MIMO antenna array being uniformly
arranged with the spacing of 0.6 wavelength between the adja-
cent antennas in the horizontal dimension. The 8 antennas in the
vertical dimension sharing one radio frequency (RF) channel are
used for beamforming. Correspondingly, the beamwidths in the
horizontal and vertical dimensions are 85◦ ± 4◦ and 12◦ ± 2◦,
respectively. The overall size of the ULA is 4.3 m × 0.36 m.

2) DULA Configuration: The DULA configuration refers to
that the 128 × 8 ultra-massive MIMO antenna array is divided
into distributed 8 subarrays. The spacing of adjacent subarrays is
0.4 m and the spacing between the adjacent antennas in subarray
is 0.6 wavelength in the horizontal dimension. Thus, the overall
size of the DULA is 7.2 m × 0.36 m.

B. Ultra-Massive MIMO Single-User F2F Measurements

As shown in Fig. 1, the Tx is located on a truck in the positions
marked as stars and circles with the antenna height about 1.5 m
high. The Rx is located on the roof of a 20 m high A1 building
marked as 128 × 8 ultra-massive MIMO antenna array. Ultra-
massive MIMO single-user F2F measurements refer to the case
that the Tx is a single user, which comprises 8 omnidirectional
antennas in a line with horizontally and vertically polarized
antennas arranged alternately. Note that the spacing between two
adjacent antennas is 5 cm. The Rx is the 128 × 8 ultra-massive
MIMO antenna array, which has two configurations including
both ULA and DULA configurations. During the measurement
campaigns, two persons move randomly around the Tx simulat-
ing user side interference. The ultra-massive MIMO single-user
F2F measurement scenario is shown in Fig. 3(a).

C. Ultra-Massive MIMO Multi-User F2F Measurements

In this scenario, the Tx sounder is located on a truck in the
positions marked as stars and circles as shown in Fig. 1 and
the 4 users are located at the vertex positions of the square
with the antenna height about 1.5 m high. Again, the Rx is
located on the roof of a 20 m high A1 building marked as
128 × 8 ultra-massive MIMO antenna array, which is shown
in Fig. 1. Ultra-massive MIMO multi-user F2F measurements
refer to the case of 4 transmitting users and each user employs
4 omnidirectional antennas arranged at the vertex positions of
the square. The spacing between two adjacent antennas is 5 cm.
The 4 omnidirectional antennas are horizontally polarized in
one diagonal but vertically polarized in another diagonal. Sim-
ilarly, the Rx is a 128 × 8 ultra-massive MIMO antenna array,
which has two configurations including both ULA and DULA

Fig. 3. The ultra-massive MIMO (a) single-user F2F, (b) multi-user F2F, and
(c) single-user F2M channel measurement scenarios.

configurations. Two persons move randomly around the Tx
simulating user side interference during the measurement cam-
paigns. The ultra-massive MIMO multi-user F2F measurement
scenario is shown in Fig. 3(b).

D. Ultra-Massive MIMO Single-User F2M Measurements

Finally, ultra-massive MIMO single-user F2M measurements
refers to a single user Tx located on a truck pushed by three
persons along Route 2 and Route 4, which have been marked
as red arrow lines in Fig. 1. The Rx is a 128 × 8 ultra-massive
MIMO antenna array, which is in the DULA configuration. The
ultra-massive MIMO single-user F2M measurement scenario is
shown in Fig. 3(c).

The ultra-massive MIMO channel sounder cooperating with
switch matrices can support multi-channel extension. For single-
user F2F and F2M measurements, the Tx side consists of 8 chan-
nels in serial and the Rx side consists of 4 channels in parallel
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with 32 channels in serial for each parallel channel. Totally, there
are 128 × 8 channels in the single-user measurement scenario.
Similarly, the Tx side consists of 16 channels in serial and the
Rx side consists of 4 channels in parallel with 32 channels in
serial for each parallel channel. Thus, there are totally 128 × 16
channels in the multi-user F2F measurement scenario.

The transmitting waveform used for channel measurements
is a 6400 points pseudo noise (PN) sequence repeated by a
1023 points short PN. The 4 switch matrices at the Rx side
have damaged channels and 4 channels for each switch matrix
are added. Hence, the durations of one snapshot are 11.52 ms
in the single-user measurement scenario and 23.04 ms in the
multi-user measurement scenario. At the Rx side, the known
1023 points short PN is convolved with the received signal to
obtain the one correlation peak in the middle. Note that the other
five correlation peaks are discarded to avoid interference caused
by switching. The above method is an effective way to obtain
the desired channel impulse response (CIR). For each position
of the single-user F2F measurement scenario, 434 snapshots are
saved for 5 s. Similarly, 217 snapshots are saved for 5 s at each
position of the multi-user F2F measurement scenario.

E. Channel Measurement Data Processing

1) Acquisition of CIR: To eliminate the response of mea-
surement equipment, system calibration need to be carried out.
Through corresponding data processing, the corresponding CIR
can be obtained.

Let us assume that x(t) is the transmitted signal, y(t) is
the received signal, g(t) is the response of the measurement
equipment, and h(t) is the CIR. The direct calibration signal
yth(t) can be expressed as

yth(t) = x(t) ∗ g(t) (1)

where∗ represents convolution in the time domain. Similarly, the
received signal y(t) can be calculated by channel measurement

y(t) = x(t) ∗ g(t) ∗ h(t). (2)

The corresponding frequency domain channel transfer functions
(CTFs) can be obtained by taking the Fourier transformations
of (1) and (2)

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

and

Y (f) = X(f)G(f)H(f). (4)

Then, the CIR can be obtained by taking the inverse fast Fourier
transform (IFFT) of H(f)

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

2) Estimation of Channel Parameters: The channel param-
eters of the lth multipath components (MPCs) are estimated,
including complex amplitude αl, delay τl, azimuth angle of
departure (AAoD) φT,l, azimuth angle of arrival (AAoA) φR,l,
elevation angle of departure (EAoD) θT,l, elevation angle of ar-
rival (EAoA) θR,l, and Doppler frequency νl. Using the channel

parameters of MPCs, the received signal can be rewritten as

y(t) =

L∑
l=1

αle
j2πνltcR(ΩR,l)cT (ΩT,l)

Tx(t− τl)

+

√
N0

2
N(t). (6)

In (6), N(t) is the standard complex white Gaussian noise
with PSD N0, (·)T is the transpose operation, L is the number
of MPCs, and the steering vector cT (ΩT,l) of the Tx array
and the response vector cR(ΩR,l) of the Rx array [27] can be
expressed as

cT (ΩT,l) =
[
ej2πλ−1〈ΩT,l,rT,1〉, ej2πλ−1〈ΩT,l,rT,2〉,

. . . , ej2πλ−1〈ΩT,l,rT,MT
〉
]T

(7)

and

cR(ΩR,l) =
[
ej2πλ−1〈ΩR,l,rR,1〉, ej2πλ−1〈ΩR,l,rR,2〉,

. . . , ej2πλ−1〈ΩR,l,rR,MR
〉
]T
. (8)

Here, 〈ΩT,l, rT,p〉 and 〈ΩR,l, rR,q〉 are the inner product oper-
ators corresponding to the pth (p = 1, 2, . . . ,MT ) Tx antenna
and the qth (q = 1, 2, . . . ,MR) Rx antenna, respectively, MT

and MR are the numbers of Tx antennas and Rx antennas,
respectively, and rT,p and rR,q are the position vectors of the
pth Tx antenna and qth Rx antenna, respectively. The ΩT,l and
ΩR,l are unit vectors can be further expressed as

ΩT,l = [sin(θT,l) sin(φT,l), sin(θT,l) cos(φT,l), cos(θT,l)]
T

(9)

and

ΩR,l = [sin(θR,l) sin(φR,l), sin(θR,l) cos(φR,l), cos(θR,l)]
T .

(10)

The space-alternating generalized expectation-maximization
(SAGE) algorithm [28], [29], [30] can be used to extract the
above-mentioned channel parameters.

III. STATISTICAL PROPERTIES AND CHANNEL CAPACITIES

Denote Hk(s, u) ∈ CMR×MT as the discretized realization
of uplink channel matrix Hk(t, f) ∈ CMR×MT for the sth (s =
1, 2, . . . , Ns) snapshot,uth (u = 1, 2, . . . , Nf ) frequency point,
and kth (k = 1, 2, . . . ,K) user. Here, Ns is the number of
snapshots, Nf is the number of frequency points, and K is the
number of users. The discretized realization of multi-user uplink
channel matrix Hmul(t, f) ∈ CMR×KMT for the sth snapshot
and uth frequency point can be expressed as

Hmul(s, u) ∈ CMR×KMT =

[H1(s, u),H2(s, u), . . . ,HK(s, u)] . (11)

Here, KMT represents the total number of Tx antennas for the
multi-user uplink channel matrix. When K = 1, the multi-user
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uplink channel matrix can be simplified to single-user uplink
channel matrix H(t, f) ∈ CMR×MT . The qth row and pth col-
umn element of H(t, f) is expressed as Hqp(t, f).

Correspondingly, the angle domain channel matrix in the far
field can be expressed as [31], [32]

Hb(t, f) = UH
R H(t, f)UT . (12)

In (12), (·)H represents the conjugate transpose operator,
Hb(t, f) ∈ CMb

R×Mb
T , M b

R and M b
T are the numbers of beams

at the Rx and Tx sides, respectively, and UR and UT are the
unitary matrices defined as [32]. The qbth (qb = 1, 2, . . . ,M b

R)
row and pbth (pb = 1, 2, . . . ,M b

T ) column element of Hb(t, f)
is expressed asHqbpb

(t, f). Similarly, the discretized realization
of the angle domain channel matrix for the sth snapshot and uth
frequency point can be expressed as Hb(s, u).

A. Statistical Properties

1) DPSD: The DPSD describes the power distribution along
the delay domain, which can be calculated as

DPSD =

L∑
l=1

Plδ(τ − τl). (13)

In (13), Pl is the power of the lth MPCs which can be ex-
pressed as Pl = |αl|2 and δ(·) is the Delta function.

2) SCCF and ACCF: The SCCF describes the correlation
of different antennas along antenna array, which can be ex-
pressed as

γqp,q′p′(t, f ; δT , δR) = E
[
Hqp(t, f)H

∗
q′p′(t, f)

]
=

KRF

KRF + 1

· γLqp,q′p′(t, f ; δT , δR) +
1

KRF + 1
· γNqp,q′p′(t, f ; δT , δR).

(14)

In (14), (·)∗ is the conjugate operator, E[·] is the expec-
tation operator, KRF is the KF, γLqp,q′p′(t, f ; δT , δR) and
γNqp,q′p′(t, f ; δT , δR) are the SCCFs of LOS and NLOS parts,
respectively, p and p′ represent the different Tx antennas, q and
q′ represent the different Rx antennas, and δT and δR represent
the distances between two adjacent antennas at the Tx and Rx
sides, respectively.

The ACCF describes the correlation of different beams along
the angle domain, which can be expressed as

γqbpb,q′bp
′
b
(t, f ; δTb

, δRb
) = E

[
Hqbpb

(t, f)H∗
q′bp

′
b
(t, f)

]
=

KRF

KRF + 1
· γLqbpb,q′bp

′
b
(t, f ; δTb

, δRb
) +

1
KRF + 1

· γNqbpb,q′bp
′
b
(t, f ; δTb

, δRb
). (15)

In (15), γLqbpb,q′bp
′
b
(t, f ; δTb

, δRb
) and γNqbpb,q′bp

′
b
(t, f ; δTb

, δRb
)

are the ACCFs of LOS and NLOS parts, respectively, pb and p′b
represent the different Tx beams, qb and q′b represent the different
Rx beams, and δTb

and δRb
represent the angle differences

between two adjacent beams at the Tx and Rx, respectively.

3) FCF in the Array and Angle Domains: The FCF describes
the correlation of different frequencies and the FCF in the array
domain can be denoted as

κqp,qp(t, f ;�f) = E
[
Hqp(t, f)H

∗
qp(t, f +�f)] =

KRF

KRF + 1
κ

L
qp,qp(t, f ;�f) +

1
KRF + 1

κ
N
qp,qp(t, f ;�f).

(16)

In (16), �f is the frequency difference, κL
qp,qp(t, f ;�f) and

κ
N
qp,qp(t, f ;�f) are the FCFs of LOS and NLOS parts in the

array domain, respectively.
Similarly, the FCF in the angle domain can be denoted as

κqbpb,qbpb
(t, f ;�f) = E

[
Hqbpb

(t, f)H∗
qbpb

(t, f +�f)] =
KRF

KRF + 1
κ

L
qbpb,qbpb

(t, f ;�f)

+
1

KRF + 1
κ

N
qbpb,qbpb

(t, f ;�f).

(17)

In (17), κL
qbpb,qbpb

(t, f ;�f) and κ
N
qbpb,qbpb

(t, f ;�f) are the
FCFs of LOS and NLOS parts in the angle domain, respectively.

4) RMS DS and RMS AS: RMS DS describes the powers of
MPCs spread over the delay domain, which can be expressed
as [33]

DS =

√√√√∑L
l=1 Plτ 2

l∑L
l=1 Pl

−
(∑L

l=1 Plτl∑L
l=1 Pl

)2

. (18)

The RMS AS of AAoA represents the powers of MPCs spread
over the azimuth angle, which can be expressed as [34]

AS =

√√√√∑L
l=1 Plφ2

R,l∑L
l=1 Pl

−
(∑L

l=1 PlφR,l∑L
l=1 Pl

)2

. (19)

5) SVS: The SVS is an indicator used to measure the correla-
tion between different users and can be obtained by the singular
value decomposition (SVD) of the channel matrix. Considering
the downlink multi-user channel matrix HT

mul, the SVD can be
expressed as

HT
mul = UΣV. (20)

In (20), Σ is a KMT × MR diagonal matrix composed of
singular values, U and V are unitary left and right matrices and
the corresponding sizes areKMT ×KMT andMR ×MR, re-
spectively. In our channel measurements, KMT = 16 is much
smaller than MR = 128. Hence, the number of the singular
values is KMT . Correspondingly, the SVS can be expressed
as [26]

κsvs =
maxj σj
minj σj

. (21)

Here, σ1, σ2, . . . , σKMT
are the KMT singular values. Note

that a larger SVS value indicates that at least two users’ channel
vectors are almost parallel, which means that the two users have
a strong correlation.
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6) SP: The SP is used to describe the correlation between
two different users, which can be defined as

SP =
1
Ns

Ns∑
s=1

|h1(s)
′h2(s)|

‖ h1(s)′ ‖‖ h2(s) ‖ . (22)

In (22), ‖ · ‖ is Euclidean norm of the vector, and h1(s) and h2(s)
are the channel vectors of antenna 1 of user 1 and antenna 1 of
user 2 at 5.3 GHz frequency point for the sth snapshot. The
size of these is MR × 1. It is worth mentioning that a larger SP
represents a larger correlation between users.

7) Normalized Channel Matrix in the Array and Angle Do-
mains: The normalized channel matrix in the array domain can
be expressed as

Hnor(u) =
1
Ns

Ns∑
s=1

H(s, u). (23)

Similarly, the normalized channel matrix in the angle domain
can be expressed as

Hb
nor(u) =

1
Ns

Ns∑
s=1

Hb(s, u). (24)

8) Doppler PSD: The Doppler shift is caused by the move-
ment of the Tx. The Doppler PSD in the array domain can be
defined as [35], [36], [37], [38]

ψ(t, ν, f) =

∫
E[Hqp(t, f)H

∗
qp(t+�t, f)]e−j2πν�td�t

(25)

where �t is the time difference.
Similarly, taking the Fourier transform of

E[Hqbpb
(t, f)H∗

qbpb
(t+�t, f)] in the time domain, the

Doppler PSD in the angle domain can be defined as [39]

ψb(t, ν, f)=

∫
E[Hqbpb

(t, f)H∗
qbpb

(t+�t, f)]e−j2πν�td�t.

(26)

B. Channel Capacities

1) Multi-User Channel Capacity:
a) MAC Capacity: Channel capacity is the maximum rate

in the channel for which the bit error rate tends to zero. When
the Tx is equipped with 4 users and the Rx is equipped with the
ULA or DULA, the multi-user maximum MAC capacity can be
calculated as [40]

Cmac =
1

NsNf

∑
s,u

log2

[
det

(
IMR

+

K∑
k=1

ρk
MT

Ĥk(s, u)

Ĥ
H

k (s, u)
)]
. (27)

In (27), det[·] represents the determinant operator, ρk represents
the signal-to-noise ratio (SNR) for the kth user, IMR

repre-
sents the identity matrix of order MR, and Ĥk is the normal-
ized channel matrix for the kth user which can be calculated
as Ĥk(s, u) = Hk(s, u)/

√
Pr(s, u). The normalized received

power can be calculated as Pr(s, u) =
1

MRMT
‖ Hk(s, u) ‖2

F .
Here, ‖ · ‖F is the Frobenius norm of a matrix.

b) IC Capacity: The Rx is equipped with the ULA or
DULA and the Tx is equipped with 4 users. The 4 users com-
municate with the ULA or DULA. The multi-user IC capacity
can be calculated as [31], [40]

Cint =

K∑
k=1

1
NsNf

∑
s,u

log2

⎡
⎣det

⎛
⎝IMR

+

⎛
⎝IMR

+
∑
i
=k

ρi
MT

Ĥi(s, u)Ĥ
H

i (s, u)
)−1 ρk

MT
Ĥk(s, u)Ĥ

H

k (s, u)

)]
(28)

where ρi and Ĥi represent the SNR and normalized channel
matrix of the ith user, respectively.

2) Single-User Channel Capacity: When the Tx is equipped
with a single user and the Rx is equipped with the ULA or
DULA, the single-user ergodic channel capacity can be calcu-
lated as [26], [41]

Csin =
1

NsNf

∑
s,u[

log2

[
det

(
IMR

+
ρ

MT
Ĥ(s, u)Ĥ

H
(s, u)

)]]
.

(29)

Here, ρ is the SNR and Ĥ is the normalized single-user channel
matrix. It can be calculated as Ĥ(s, u) = H(s, u)/

√
Prs(s, u).

Here, Prs(s, u) =
1

MRMT
‖ H(s, u) ‖2

F .

IV. CHANNEL MEASUREMENTS RESULTS AND ANALYSIS

A. Single-User F2F Results and Analysis

1) Non-Stationarity and Sparse Property: Fig. 4(a) and (b)
illustrate the measured and estimated DPSDs using a SAGE
algorithm in LOS and NLOS environments, respectively. In the
SAGE algorithm, 100 MPCs were selected by balancing the
algorithm accuracy and complexity. We can see that most MPCs
can be estimated except some weak MPCs with large delays.
The big gap between estimation and measurement results for
MPCs with weak powers and large delays is mainly due to the
limitation of the SAGE algorithm. It is based on the order of
power from large to small to extract MPCs and estimate their
channel parameters. Note that the paths with weak powers and
large delays have little influence on the SNR. Once the paths
with strong powers and small delays are estimated, the channel
characteristics can be analyzed accurately. The threshold levels
in Fig. 4(a) and (b) are calculated by the larger one of noise base
level plus 6 dB and maximum level minus 35 dB. The number of
delay points marked as small pink stars above threshold level is
the detected number of multipaths, which is calculated by peak
search algorithm recommended in [42], [43]. Fig. 4(a) and (b)
show that detected number of multipaths in NLOS environments
is larger than that in LOS environments, which manifests that
there are more scattering components in NLOS environments.
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Fig. 4. The DPSDs in (a) LOS (Route 1, Position 7) and (b) NLOS (Route 1,
Position 3) environments.

For clarity, we have marked a strong reflection path which has
been detected by peak search algorithm in Fig. 4(b).

Fig. 5(a) and (b) illustrate the normalized channel matrices
at 5.3 GHz frequency point for the array and angle domains
in LOS environments, respectively. Fig. 5(c) and (d) illustrate
the normalized channel matrices at 5.3 GHz frequency point for
the array and angle domains in NLOS environments, respec-
tively. The variations along the array and angle illustrate the
non-stationarity in the array and angle domains. Note that the
AAoA and AAoD are determined by the radiation patterns of
antenna arrays at the Rx and Tx sides, respectively. Fig. 5(a)
and (c) show that the energy is distributed along all the Rx
antennas. Fig. 5(b) and (d) show that most of the energy is
contained in a few AAoAs. Compared with Fig. 5(a) and (c)
in the array domain, Fig. 5(b) and (d) in the angle domain show
more obvious sparse property. Note that the sparse property
refers to the fact that most of the channel coefficients in the
normalized channel matrix tend to 0. In addition, the sparse
property is more obvious for LOS environments in Fig. 5(b)
than that for NLOS environments in Fig. 5(d).

Fig. 6(a) and (b) illustrate the absolute values of the SCCF
and ACCF, respectively. With the increase of antenna spacing in
Fig. 6(a) and beam spacing in Fig. 6(b), the absolute values of the

Fig. 5. Normalized channel matrices in LOS environments (Route 1, Posi-
tion 7) in the (a) array and (b) angle domains and in NLOS environments
(Route 1, Position 3) in the (c) array and (d) angle domains.

Fig. 6. The absolute values of the (a) SCCF and (b) ACCF.

SCCF and ACCF become smaller, respectively. By comparing
the antenna correlations in LOS and NLOS environments in
Fig. 6(a), we find that the correlation is larger in LOS environ-
ments than that in NLOS environments in the array domain.
However, the correlations are smaller in both LOS and NLOS
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Fig. 7. The RMS DS along antenna array.

environments for the angle domain in Fig. 6(b) than those for
the array domain in Fig. 6(a).

Fig. 7 illustrates the RMS DS along antenna array in LOS
and NLOS environments. Note that the size of a sliding window
is 16 antennas for SAGE algorithm. The RMS DS in NLOS
environments is larger than that in LOS environments, which
shows that the shadowing from trees, cars, and pedestrians
increases the RMS DS. Furthermore, the variation of RMS
DS along antenna array shows spatial non-stationarity of the
ultra-massive MIMO antenna array.

Fig. 8(a) and (b) show the RMS DS and RMS AS along the
ULA and DULA with a sliding window size of 16 antennas in
LOS environments, respectively. Comparing the ULA with the
DULA, we find that the range of variation of RMS DS and AS
for the DULA is larger than that for the ULA. This indicates
that the longer antenna array experiences increased spatial non-
stationarity.

Fig. 9 illustrates the FCFs of the array domain and angle
domain of main beam in LOS and NLOS environments. Here,
the main beam refers to the beam with the strongest power path.
For the main beam, the absolute value of the FCF reaches the
maximum. With the increase of frequency separation, the FCFs
show decreasing trends. In addition, the FCF is larger in LOS
environments than that in NLOS environments. This indicates
a larger coherence bandwidth in LOS environments than that in
NLOS environments of the array domain and angle domain of
the main beam.

2) Spherical Wavefront Property: The spherical wavefront
property can be reflected by the angle drift of LOS path along
antenna array. Fig. 10 illustrates the AAoA of LOS path along
antenna array. Compared with the ULA, the range of variation
of AAoA for the DULA is larger, which indicates that the longer
antenna array experiences a more obvious spherical wavefront,
as might be expected.

B. Multi-User F2F Results and Analysis

1) Non-Stationarity and Channel Hardening Property: As
illustrated in Fig. 11, the SVS along antenna array with a sliding
window size of 32 antennas is larger in LOS environments than

Fig. 8. The variations of the (a) RMS DS and (b) RMS AS along antenna array.

Fig. 9. The FCFs in LOS and NLOS environments.

that in NLOS environments, which indicates that the correla-
tion between users is larger in LOS environments than that in
NLOS environments. In addition, the variation of the SVS along
antenna array illustrates spatial non-stationarity.

As illustrated in Fig. 12, the SPs are compared when the Rx
is equipped with the ULA or DULA. Note that the distance
between users is Duser = 0.2 m. The SP is larger in the ULA
configuration than that in the DULA configuration at the Rx side,
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Fig. 10. The AAoA of LOS path along antenna array.

Fig. 11. The variation of the SVS along antenna array.

Fig. 12. The variation of the SP with the increase of Rx antenna numbers
(Duser = 0.2 m).

which indicates that the longer antenna array can decrease the
correlation between users and contribute to channel hardening
property. Here, the channel hardening property, also known as
favorable propagation condition, means that the channels for
different users tend to be uncorrelated when using massive
antennas at the BS side [18], [21], [26]. Additionally, the SP
decreases with the increase of antennas at the BS side, which

Fig. 13. The (a) MAC and IC capacities and (b) capacity increase percentage
for the MAC capacity compared to the IC capacity (Duser = 0.2 m).

shows that more BS antennas can reduce the correlation between
users.

2) Multi-User Channel Capacity: As illustrated in
Fig. 13(a), the MAC and IC capacities of the ULA and
DULA in LOS environments are investigated. The channel
capacity of the DULA is larger than that of the ULA for both
the MAC capacity and the IC capacity. This indicates that
longer antenna array can increase channel capacity in LOS
environments. In addition, for the same Rx antenna array
configuration, the MAC capacity is larger than IC capacity and
the percentage of improvement is shown in Fig. 13(b). We can
see that the percentage of improvement for the MAC capacity
compared to the IC capacity decreases with the increase of
SNRs for both the ULA and DULA configurations. In addition,
the percentage of improvement for the DULA is smaller
compared to that for the ULA.

C. Single-User F2M Results and Analysis

1) Non-Stationarity and Sparse Property: The LCR refers to
how often the envelope crosses a reference level in the positive
or negative going direction. The AFD refers to the average time
duration the envelope remains below a reference level [44].
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Fig. 14. The (a) LCR and (b) corresponding AFD of the received power.

Fig. 15. CDFs of the KF for Route 2 and Route 4.

Fig. 14(a) and (b) show the LCR and AFD of the received
power in the case of different Tx antennas and the same Rx
antenna for Route 2 and Route 4. From the variations of the
LCR and AFD, we can find that the choice of the reference level
has a lot of influence on the LCR and AFD. The LCR is larger
and the AFD is smaller for Route 2 than those for Route 4 when
the reference level is in the range of −10 dB to 10 dB.

The KF can be calculated by moment method in [45]. Fig. 15
shows the cumulative distribution functions (CDFs) of the KF for

Fig. 16. CDFs of the (a) RMS DS and (b) RMS AS for Route 2 and Route 4.

Route 2 and Route 4, which can be fitted by normal distribution
with N(2.58, 0.922) and N(1.58, 1.82), respectively. The KF
for Route 2 is larger than that for Route 4, which indicates that
the trees, cars, and pedestrians decrease the KF for Route 4.
Note that the KF is an important large scale parameter (LSP)
and its distribution can be used in future channel models and
give guidance for the parameter setting.

Fig. 16(a) shows the CDFs of RMS DS for Route 2 and
Route 4, which can be fitted by a base 10 lognormal distribution
with N(−7.46, 0.192) and N(−7.31, 0.202), respectively. The
lognormal distribution refers to that the CDF of DS is obtained by
calculating log10(DS/1 s). Fig. 16(b) shows the CDFs of RMS
AS for Route 2 and Route 4, which can be fitted by a base 10
lognormal distribution with N(1.1, 0.032) and N(1.24, 0.052),
respectively. The lognormal distribution refers to that the CDF
of AS is obtained by computing log10(AS/1◦). The RMS DS
and RMS AS are larger for Route 4 than those for Route 2,
which indicates that the trees, cars, and pedestrians increase the
RMS DS and RMS AS for Route 4. Similarly, the RMS DS and
RMS AS are important LSPs and their distributions can be used
in future channel models as a reference for parameter settings.

The path number is the detected number of multipaths, which
can be calculated by the same algorithm used in Fig. 4. As
shown in Fig. 17, the CDFs of path numbers can be fitted by
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Fig. 17. CDFs of the path number for Route 2 and Route 4.

Fig. 18. The Doppler PSDs of the array domain for (a) Route 2 and (b) Route 4
and the angle domain for (c) Route 2 and (d) Route 4.

normal distribution with N(19.52, 5.552) and N(23.79, 5.422)
for Route 2 and Route 4, respectively. The path number for
Route 4 is larger than that for Route 2, which indicates that the
trees, cars, and pedestrians increase the path number for Route 4.
The distribution of path numbers can be used as a reference in
future channel models.

Fig. 18(a) and (b) illustrate the Doppler PSDs at 5.3 GHz
frequency point in the array domain. Fig. 18(c) and (d) illustrate
the Doppler PSDs at 5.3 GHz frequency point in the angle
domain. Compared with the array domain, the Doppler PSD
appears more sparse in the angle domain.

2) Single-User Channel Capacity: As shown in Fig. 19, the
CDFs of channel capacity can be fitted by normal distribution
with N(49.14, 4.572) and N(53.95, 2.702) for Route 2 and
Route 4, respectively. The channel capacity for Route 4 is larger
than that for Route 2, which indicates that the trees, cars, and
pedestrians increase the channel capacity for Route 4. Again,
the channel capacity distribution can be used as a reference in
future channel models.

For clarity, specific features of ultra-massive MIMO channels
and corresponding statistical properties mentioned above are
summarized in Table I.

Fig. 19. CDFs of the channel capacity for Route 2 and Route 4.

TABLE I
SPECIFIC FEATURES OF ULTRA-MASSIVE MIMO CHANNELS AND

CORRESPONDING STATISTICAL PROPERTIES

V. CONCLUSION

In this paper, 5.3 GHz band ultra-massive MIMO channel
measurements with two antenna array configurations and in
three scenarios have been conducted. The comprehensive sta-
tistical properties have been investigated, including the DPSD,
SCCF, ACCF, RMS DS, FCF, RMS AS, AAoA of LOS path,
SVS, SP, LCR, AFD, KF, path number, Doppler PSD, etc. The
analysis of the DPSD illustrates that the detected number of
multipaths in NLOS environments is larger than that in LOS
environments. By the investigation of the SCCF and ACCF,
we have found that the correlations are larger in LOS environ-
ments than those in NLOS environments in the array domain.
However, the correlations are smaller for both LOS and NLOS
environments in the angle domain than those in the array domain.
The RMS DS along the antenna array in NLOS environments
is larger than that in LOS environments, which shows that the
shadowing from trees, cars, and pedestrians can increase the
RMS DS. FCF results tell us that the coherence bandwidth in
LOS environments is larger than that in NLOS environments.
The variations of RMS DS, RMS AS, and the AAoA of LOS path
along antenna array show that the longer antenna array makes the
spatial non-stationarity and spherical wavefront properties more
obvious. The variation of the SVS along antenna array shows that
the correlation between users is larger in LOS environments than
that in NLOS environments. SP results have illustrated that the
longer antenna array can decrease the correlation between users
in LOS environments. From the study of the multi-user MAC and
IC capacities, we can see that channel capacities for the DULA
are larger than those for the ULA in LOS environments. The
KF, RMS DS, RMS AS, path number, and single-user channel
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capacity for Route 2 and Route 4 follow normal or lognormal
distributions. Larger LCR leads to a smaller AFD. In addition,
the Doppler PSD appears more sparse in the angle domain than
that in the array domain.

In the future, we will conduct ultra-massive MIMO channel
measurements towards more frequency bands, scenarios, and
antenna configurations. The similarity and difference of channel
characteristics under different frequency bands and/or antenna
configurations will be investigated. This will provide useful
guidance for channel modeling, system design, and performance
evaluation of 6G wireless communication systems.
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