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Abstract

Compared with conventional multiple⁃input multiple⁃output (MIMO), massive MIMO system with tens or even hundreds of anten⁃
nas is able to give better performance in capacity and spectral efficiency, which is a promising technology for 5G. Considering
this, massive MIMO has become a hot research topic all over the world. In this paper, the channel measurements and models of
massive MIMO in recent years are summarized. Besides, the related 256 antenna elements with 200 MHz bandwidth at 3.5 GHz
proposed by our team, the verification of rationality of the measurement method, and the spatial evolution of clusters in mobile
scenario are provided.
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1 Introduction
obile traffic is predicted to grow more than
1000 times in the next 10 years, and the Inter⁃
national Mobile Telecommunication (IMT) vi⁃
sion towards 2020 and beyond requires future

5G systems to deliver a 10 Gbps peak data rate. Considering
this, more and more work is turning to the massive multiple⁃in⁃
put multiple⁃output (MIMO) technology. Compared to the cur⁃
rent state of the art, massive MIMO system has a large number
of antennas, typically tens or hundreds, and provides better
performance in efficiency, capacity, reliability and more [1]-
[3]. It can improve channel capacity, can reduce latency on the
air interface, and is robust against unintended man⁃made inter⁃
ference and intentional jamming [4], [5]. However, it brings in⁃
creasing complexity of channel modeling.

Therefore, a series of massive MIMO measurement cam⁃
paigns have been performed to evaluate the channel perfor⁃
mance. For example, outdoor channel measurements at 2.6
GHz with a linear virtual array and a cylindrical array of 128⁃
element antennas are reported in [6] that studied the sum⁃rate

capacity, spectrum efficiency, precoding schemes, etc. In [7],
an outdoor static measurement performed in a stadium is ana⁃
lyzed, with a linear 128 ⁃ element antenna virtual array at
1.4725 GHz and the angular power spectrum (APS) in the mas⁃
sive MIMO channel. The modeling of massive MIMO channel
has also been studied. Moreover, spatial non⁃stationary proper⁃
ties should be considered in the model in response to the larg⁃
er antenna array and near field effect. In this paper, massive
MIMO channel measurements and modeling in recent years
are reviewed. Section 2 discusses the recent measurement cam⁃
paigns. The modeling work of massive MIMO is given in Sec⁃
tion 3. Section 4 displays the work of our team, which analyzes
the rationality of virtual measurement and the spatial evolution
of clusters in the mobile scenario of massive MIMO. Finally,
the conclusions are drawn in Section 5.

2 Massive MIMO Channel Measurements
Channel measurements are indispensable in research of

wireless communications. Here a series of massive MIMO mea⁃
surement campaigns in recent two years are listed. Table 1
gives thesetups and investigated channel characteristics of
these measurements.
2.1 Capacity

With the increase of the antenna number, massive MIMO
systems can improve spectral efficiency significantly. In [8],
128Tx ⁃ 16Rx massive MIMO is found to provide up to 434%
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and 478% more capacity over traditional LTE single⁃user MI⁃
MO with 8Tx ⁃ 8Rx configuration in macrocells and picocells,
respectively. However, the benefit of diversity gains from user
equipment (UE) with more antennas falls away as the dimen⁃
sions of the base station (BS) array increase.

In [9], comparing with the 8 x 8 array, the 16 x 4 array im⁃
proves the cell⁃average and cell⁃edge throughputs by 27% and
71% in Urban Macro (UMa) scenario and enhances the cell⁃av⁃
erage and cell⁃edge throughputs by 19% and 43% in Urban Mi⁃
cro (UMi) scenario. When comparing with 8 x 8, the 32 x 2 ar⁃

ray enhances the cell ⁃ average and cell ⁃ edge throughputs by
60% and 112% in UMa and improves the cell⁃average and cell⁃
edge throughputs by 80% and 118% in UMi scenario. In [10],
an effective diversity gain measurement apparatus is proposed
to assess diversity performance of multi⁃antenna systems.
2.2 Eigenvalue Properties and Antenna Array

The measurement in [8] demonstrates that, with the increas⁃
ing height of user equipment, the BS elevation spreads de⁃
crease both in UMa and UMi while the azimuth spreads remain
approximately the same. In [11], the condition number is
shown to be suitable for measuring both the channel orthogo⁃
nality between users and the channel harden effect according
to the channel measurements in a large lecture hall.

The planar array geometry of a horizontal antenna element is
compared with that of a vertical antenna element in [12]. The
horizontal antenna arrangement appears to be best suited for
massive MIMO operation and yields the lowest average correla⁃
tion coefficient among the positions considered. According to
[13], user proximity and user handgrip reduce the dispersion of
the studied properties of the channel across frequencies.

Antenna selection aiming to reduce the number of RF trans⁃
ceiver chains is discussed in [14], in which switching structure
and a convex⁃optimization scheme are presented.
2.3 Non􀆼Stationary Properties

A sufficient interference reduction is obtained in [15] by ze⁃
ro forcing (ZF), whereas maximum ratio combining (MRC) can⁃
not sufficiently reduce the interference when 24 elements are
used, even in the 20 GHz band. Moreover, it shows that it is im⁃
portant to select the efficient antennas with high SNR when the
antennas cannot be all used. In [6], significant variations in sig⁃
nal strength are characterized for several measured propaga⁃
tion scenarios in the 2.6 GHz frequency range and the change
of power variations and correlation properties along with the ar⁃
ray is illustrated.

In [16], a measurement campaign performs at the 3.33 GHz
in outdoor scenarios, using an antenna array with 64 elements.
The results show that the non⁃stationary properties of the chan⁃
nel over the large array size occur both in delay and spatial do⁃
mains.

A measurement adopted frequency domain sounder in in⁃
door scenarios in [17] indicates that the channel characteris⁃
tics of massive MIMO are the non⁃stationary properties in spa⁃
tial, delay and frequency domains and the independency be⁃
tween these channel parameters. The carrier frequency is with⁃
in 2⁃6 GHz.

Several non ⁃ stationary properties of massive MIMO chan⁃
nels in a stadium are investigated in [18], in which the channel
parameters appear stationary over the linear antenna array at
the high frequency bandwidth (HFB) but not at low frequency
bandwidth (LFB). That is because, more stronger Multipath
Components (MPCs) appear at LFB due to the smaller path

▼Table 1. Summary of massive MIMO channel measurements
proposed in recent two years

AoA: Angle of Arrival
AoD: Angle of Departure
O2I: Ourdoor to Indoor

ODA: Omnidirectional Array
PAS: Power Angular Spectrum
PDP: Power Delay Profile
PL: Path Loss

RMa: Rural Macro

RMS: Root Mean Square
SIR: Signal to Interference Ratio
SNR: Signal Noise Ratio
UCA: Uniform Cylinder Array
ULA: Uniform Linear Array
UMa: Urban Macro
UMi: Urban Micro
UPA: Uniform Planar Array

Antenna array
setup

Tx UPA/Rx ODA
16×16

Tx UPA/Rx ODA
32×56

Tx UPA/Rx ODA
32×56

Tx UPA/Rx ODA
32×56

Tx UPA/Rx ODA
32×56

Rx/cylindrical
24×2

Tx/cylindrical
32×4

Virtual linear
12×12

Tx/virtual circular
24

Rx/horn antenna 1
Rx/2D virtual

12×12
UPA 4×4

Horizontal 64×1/
vertical 1×64
Planar 8×8
Cylindrical

Dipole
UCA 64×2

Virtual 20×20
Tx/virtual linear

128×1
Tx/ULA 128×8

Scenario

UMi

UMa, O2I

O2I

UMa

UMa mobility

O2I, UMi, UMa

indoor

lecture hall
vehicle to

infrastructure
O2I
UMa
indoor

UMa, UMi
RMa

stadium
similar

shopping hall
front square
lecture hall

hall

stadium

Carrier
frequency
(GHz)
3.5 and
2.35
6

6

3.5

3.5

2

19.85

5.6

2.6
2.59
2.53
2.4
2.6
5.2
4.45
5.8
3.33
13-17

2, 4, and 6

1.4725

Channel characteristics

Capacity; eigenvalues
Angle spread; delay spread; channel

capacity
Delay spread; angular spread; capacity in

different height
The rationality of virtual massive MIMO

measurement
Cluster number; cluster⁃AoA; cluster⁃

AoD; radius of visibility region
Capability

SNR

Condition number; delay spread variation

SIR; power density
Correlation coefficient; SNR
Angle delay; angle spread.

SNR
SNR

Power; SIR
PDP of frequency correlation coefficient

Condition number; scalar product
PDP; PAS

Channel gain; K⁃factor; delay spread;
RMS delay spread

PL; PDP
Channel gains; K⁃factors; (RMS)

composite delay spreads

Reference

[8]

[40]

[41]

[34]

[35]

[9]

[15]

[11]

[42]
[12]
[22]
[10]
[43]
[44]
[23]
[13]
[16]
[45]

[17]

[7]
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loss and larger obstacle reflection coefficients.
2.4 Multiple Users

In [19], based on the measurements of multiple users (MU)
massive MIMO system, spatial separation of closely⁃spaced us⁃
ers is demonstrated by the analysis and evaluation with the sin⁃
gular value spread.

Channel measurements are performed and corresponding
singular value spreads and achieved sum ⁃ rate capacities are
discussed in [20], and compared with conventional MIMO,
massive MIMO is proven to provide better orthogonality be⁃
tween channels for different users and better channel stability.
2.5 Other Channel Characteristics

A flexible testbed is proposed in [21], where the base station
operates with up to 100 coherent radio ⁃ frequency transceiver
chains based on software radio technology.

In [22], an advance MIMO antenna array setup is used to
conduct a measurement campaign in Uma propagation. The pa⁃
rameters of all multipath components are extracted with an iter⁃
ative maximum likelihood high⁃resolution algorithm (RIMAX).
An inter ⁃ user interference (IUI) cancellation scheme is also
proposed in [22], which simplifies user scheduling method on
massive antenna systems for wireless entrance. Besides, the
system level simulations using the measured Channel State In⁃
formation (CSI) confirm that enlarging the angular gap between
users reduces spatial correlation and that the IUI cancellation
proposal is effective under this condition.

The frequency correlation characteristics using the method
of Fourier transform to the channel Power Delay Profile (PDP)
are compared with those directly using cross⁃correlation to the
transfer function in a stadium at 4.45 GHz in [23]. It can be de⁃
termined that the uncorrelated scattering condition and con⁃
stant means of transfer function are not held.

Angle properties of massive MIMO channels are studied
with Multiple SIgnal Classification (MUSIC) and SAGE algo⁃
rithms based on the channel measurement in outdoor scenarios
in [7], in which the Directions of Arrival (DOAs) of the line⁃of⁃
sight (LoS) signal change with varying geometrical positions in
the environment.

The geometric method is used in [24] to characterize the at⁃
tenuation behavior of the massive MIMO channel with an ex⁃
tended large attenuation matrix proposed. The results in [24]
reveal that large attenuation is mostly determined by the trans⁃
mission distance between the user and the nearest antenna and
by the angle with respect to the antenna array as well.

3 Massive MIMO Channel Models
In recent years, many researchers all over the world have ad⁃

vanced the modeling work of massive MIMO channels. The
channel models are usually classified into two categories: ge⁃
ometry⁃based stochastic models (GBSM) and correlation⁃based

stochastic models (CBSM).
GBSMs have been studied extensively to evaluate the perfor⁃

mance of wireless channels. These models have the advantage
of comprising channel properties accurately. In [25], a novel
non⁃stationary multi⁃ring channel model on both time and ar⁃
ray axes is proposed for massive MIMO systems. With the multi⁃
ring distribution of clusters, the propagation characteristics,
such as power imbalance over the array, eigenvalue distribu⁃
tion and antenna correlation, match the conclusions drawn in
measurements well. GBSM’direct involvement of scatters/
clusters renders it as one of the most promising candidates for
3D MIMO channel modeling [26].

Considering the elevation, the spherical, cylindrical or other
kinds of antenna arrays can be adopted. A3D two⁃cylinder reg⁃
ular⁃shaped GBSM for non⁃isotropic scattering massive MIMO
channels is proposed in [27], which considers the non⁃station⁃
ary properties, 3D MIMO and spherical wave effect. A 3D
wideband twin ⁃ cluster channel model is proposed in [28] for
massive MIMO communication systems with carrier frequen⁃
cies on the order of GHz. The near field effect and non⁃station⁃
ary properties are considered. An extension based on the clus⁃
ter⁃based COST⁃2100 MIMO channel model is proposed in [6].
In this model, the channel cannot be seen as wide⁃sense sta⁃
tionary over the large array at the base station.

CBSMs have lower complexity. They can be categorized into
the independent and identically distributed (i.i.d.) Rayleigh
fading channel model and correlation channel model. The Kro⁃
necker⁃based stochastic model (KBSM) is one kind of correla⁃
tion channel models. In [29], a novel KBSM for massive MIMO
is proposed, which could capture antenna correlations well. In
this model, the evolution of scatters is modeled by the birth ⁃
death process and the antenna correlation matrix is equal to
the spatial correlation matrix and survival probability matrix.
Unlike the i.i.d. Rayleigh channel model, KBSM in [29] consid⁃
ers antenna correlation for the channel model.

4 Analysis of Our Channel Measurement
Campaigns
From 2010 to 2014, our team focused on 3D channel mea⁃

surement and modeling [26] and contributed to 3D channel
model standards, 3GPP TR 36.873 [30]. We has started to ex⁃
pand our channel sounder to support the massive MIMO chan⁃
nel measurement and modeling since 2015.

In our measurement work, a 32⁃element uniform planar ar⁃
ray (UPA) was used in the Tx side, and a 16⁃element dual⁃po⁃
larized omnidirectional array (ODA) was used at the Rx side
(Fig. 1). The parameters of the antennas are listed in Table 2
and a straight route was set for the mobile scenario. The mea⁃
surement campaigns were performed in Urban Macro (UMa),
Urban Micro (UMi) and Ourdoor to Indoor (O2I). Here we give
an analysis of the UMa measurement. (Fig. 2)

To form the massive MIMO array with different antenna
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numbers, our channel measurement campaigns were performed
by using the virtual measurement method. Fig. 3 shows the
combining scheme, giving eight adjacent positions. For exam⁃
ple, if we wanted to get the data of 64⁃element virtual antenna
array, two groups of CIRs collected from two adjacent positions
would be chosen and combined into one group of data. Then
we used it as equivalent data collected from 64⁃element anten⁃
na array for further analysis. Similarly, reordering eight groups

of CIRs to one group could get the data of 256⁃element virtual
antenna array and reordering 4 groups of CIRs to get the data
of 128⁃element virtual antenna array. By the above process, we
obtained the data of 256, 128, 64 and 32⁃element antenna ar⁃
rays.

To estimate the channel parameters, the SAGE algorithm
was used [31], which provides a joint estimation of parameter
set θl ={ }τl, fd, l,Φl,Ωl,αl , l ={ }1,2,⋯,L . The τl , fd, l , Φl ,Ωl and αl denote the propagation delay, the doppler shift, theangle of departure, the angle of arrival and polarization of the l ⁃th
propagation sub⁃path, respectively. Specifically, Φl = [ ]θT, l,ϕT, l

and Ωl = [ ]θR, l,ϕR, l , where θT, l , ϕT, l , θR, l and ϕR, l denote
the elevation angle of departure (EoD), angle of departure
(AoD), elevation angle of arrival (EoA) and angle of arrival
(AoA), respectively. Every 4 snapshots are fed to SAGE to esti⁃
mate one parameter set.

Finally, to observe the characteristics of clusters, the Kpow⁃
erMeans clustering algorithm was used to get cluster⁃level pa⁃
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(a) Layout and schematic of antenna array at the Tx side

▲Figure 1. Antenna layouts used in our measurement work.

(b) Layout and schematic of antenna array at the Rx side

▼Table 2. The antenna parameters used in our measurement

ODA: Omnidirectional Array UPA: Uniform Planar Array

Parameter
Antenna type

Number of antenna ports
Overall radiation pattern
Inter element spacing
Number of elements

Angle range

Polarized
Center frequency

Bandwidth
PN sequence

Azimuth
Elevation

Value
ODA (Rx)

56 (#1-#16 were chosen)
Omnidirectional

41.0 mm
28

-180o - 180o

-70o - 90o

±45o

3.5 GHz
200 MHz
255 chips

UPA (Tx)
32

Hemispherical
41.0 mm

16
-70o - 70o

-70o - 70o

±45o

▲Figure 2. The overview of the measurement area by Baidu Map (The
red triangle is the Tx side; two yellow lines, R1 and R2, represent the
measurement route in LoS and non⁃LoS (NLoS) conditions, respective⁃
ly; and three red points are in LoS conditions while three blue points are
in NLoS conditions).

▲Figure 3. The scheme of the antenna combining array in the virtual
measurement.
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rameters [32], [33]. The multiple path component distance
(MCD) is the distance measure for different paths in Kpower⁃
Means. It is a normalized value composing of delay and angu⁃
lar parts.

For delay distance, the definition is given as

MCDτ, ij =η∙ ||τi - τj

Δτ ∙τsdΔτ . (1)

In (1), η is a scaling factor to adjust the weight of delay in
the distance function. Δτ means the range of delay and
Δτ =maxi, j ||τi - τj . τsd is the standard deviation of delay.

For angle distance, the definition is given as

MCDT/R, ij = 12
|

|

|

|
||

|

|

|

|
||
sin(θi)cos(φi)sin(θi)sin(φi)cos(θi)

-
sin(θj)cos(φj)
sin(θj)sin(φj)
cos(θj)

. (2)

For Tx or Rx, the angle distance is obtained in the spherical
coordinate system. θ means the elevation angle and φ means
the azimuth angle.

The total distance is given by
MCDij =  MCDT, ij

2 +  MCDR, ij
2 +  MCDτ, ij

2 . (3)
We can see from above equations that MCD consists of an⁃

gle of arrival, angle of departure, and delay.
4.1 Rationality of the Virtual Measurement

The rationality of the virtual measurement was proved in
time and spatial domains [34], the power delay profile (PDP)
calculated from combined CIRs and CIRs collected from the
measurement campaigns could fit well. Estimated from the
combination, the spatial angular characteristics, the elevation
angle of departure (EoD), azimuth of departure (AoD), eleva⁃
tion angle of arrival (EoA), and azimuth of arrival (AoA) also
matched well with those from the measurement campaigns.

We choose the spot P3 in LoS scenario and the spot P5 in
NLoS scenario (Fig. 2) as examples. The other spots in Fig. 2
havesimilar characteristics.

Based on (4), the PDP reconstruction follows the form as (5):
hn,m(t,τn) = é

ë
êê

ù

û
úú

Frx,n,V (Ωl)
Frx,n,H(Ωl)

T
é

ë
ê

ù

û
ú

αl,VV αl,VH
αl,HV αl,HH

é

ë
êê

ù

û
úú

Ftx,n,V (Φl)
Ftx,n,H(Φl) ×

exp( jdn2πλ-1
0 sin(Ωl)) ×

exp( jdm2πλ-1
0 sin(Φl)) × exp( j2πfd, l t)

, (4)

P(τn) =














é

ë
êê

ù

û
úú

Frx,V (Ωl)
Frx,H(Ωl)

T
é

ë
ê

ù

û
ú

αl,VV αl,VH
αl,HV αl,HH

é

ë
êê

ù

û
úú

Ftx,V (Φl)
Ftx,H(Φl)

2

F

, (5)

where Frx and Ftx represent the field patterns of antenna ele⁃

ments in Tx and Rx ends that are generated by the principle of
MIMO over ⁃ the ⁃ air (OTA) test. é

ë
ê

ù

û
ú

αl,VV αl,VH
αl,HV αl,HH

represents the
polarized complex amplitude matrix (V stands for vertical po⁃
larization and H stands for horizontal polarization).

The SAGE algorithm is a parameter extraction and estima⁃
tion procedure from the strong path to weak path. One path is
characterized by five parameters by SAGE algorithm, and the
angular information describes the features of the signal trans⁃
mission in the space. The rationality of the virtual measure⁃
ment is discussed by comparing the distribution of paths in the
spatial domain with the practical measurement. The power azi⁃
muth spectrums (PAS) of practical measured data and virtual
measured data in LoS and NLoS scenarios are given, respec⁃
tively.
Fig. 4a shows the PAS results of angle of departure in the

practical measurement in the LoS scenario, while Fig. 4b
shows the PAS results in the virtual measurement in the LoS
scenario. In Fig. 4, the X⁃coordinate represents the azimuth an⁃
gle and Y ⁃ coordinate represents the elevation angle; the red
zone of the label represents the strong path estimated by the
SAGE algorithm in the angle of departure and the deep color
area represents the weak path which we can mostly ignore be⁃
cause the value of power is lower than -25 dB. The color repre⁃
sents its power in these figures. It is obviously seen that the
strong path region is the same in Figs. 4a and 4b and the pow⁃
er values of the strong path are almost equal. Figs. 4c and 4d
represent the signal angles in the receiving end; the light color
areas there are mostly similar, which means that the major
paths are same in the practical and virtual measurements at
the same measurement spot. Therefore, in the LoS scenario,
the path distribution of the angle domain in virtual measure⁃
ment is the same as that in practical measurement.

Similarly, Fig.Fig. 55 depicts the PAS results in the NLoS scenar⁃
io, which are more complex than those in the LoS scenario. Ac⁃
cording to Fig. 5, the region of the strong path increases in the
NLoS scenario. In the transmitting end (Figs. 5a and 5b), the
light color areas are more scattered. In the receiving end (Figs.
5c and 5d), it is observed that the number of paths get much
more than that in the LoS scenario. With the path number in⁃
creases, the corresponding departure and arrival angle values
of each path in practical and virtual measurements are approxi⁃
mately equal. Therefore, a similar conclusion can be drawn in
the NLoS scenario that the path distributions of virtual and
practical measurements are almost the same.
4.2 Evolution of Clusters in the Mobile Scenario

The evolution of clusters presents the spatial variation of the
massive MIMO channel during the movement [35]. When the
mobile station (MS) moves, the power of different clusters var⁃
ies, and some clusters appear or disappear. Based on the re⁃
sults of clustering, we can get the cluster number evolution

Special Topic

ZTE COMMUNICATIONSZTE COMMUNICATIONS18 February 2017 Vol.15 No. 1

A Survey of Massive MIMO Channel Measurements and Models
ZHANG Jianhua, WANG Chao, WU Zhongyuan, and ZHANG Weite

5



D:\EMAG\2017-02-55/VOL15\F4.VFT——9PPS/P

(Fig.Fig. 66) in R1 (LoS) and R2 (NLoS). The blue curve in Fig. 6
represents LoS conditions, with the average number of clusters
is 13.7867; when the distance is 0.5 m, it gets the largest clus⁃

ter number, 20. On the other hand, the average number is
5.8533 in NLoS conditions (the red curve in Fig. 6), and the
largest number is 17 with the distance of 2.9 m and 3 m. There⁃
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AAoA: Azimuth Angle of Arrival AAoD: Azimuth Angle of Departure EAoA: Elevation Angle of Arrival EAoD: Elevation Angle of Departure

◀Figure 4.
The PAS results in the LoS
scenario: (a) and (c) represent the
results from the practical
measurement and (b) and (d)
represent the results from the
virtual measurement.

(a) (b)

(c) (d)

◀Figure 5.
The PAS results in the NLoS
scenario: (a) and (c) represent the
results from the practical
measurement and (b) and (d)
represent the results from the
virtual measurement.AAoA: Azimuth Angle of Arrival AAoD: Azimuth Angle of Departure EAoA: Elevation Angle of Arrival EAoD: Elevation Angle of Departure
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fore, the cluster number in LoS conditions is more than that in
NLoS conditions. This is because the cluster power is normal⁃
ized and some MPCs’normalized power is too low to keep for
clustering. In addition, the cluster number changes more sharp⁃
ly in NLoS conditions than in LoS conditions.

The evolution of clusters was simulated based on the birth⁃
death process that can reflect the non⁃stationary properties of
the clusters. The evolution of clusters C(i) , {c1,c2, ... ,cR} is ex⁃
pressed as
C(i)→E C(i + 1),(i = 1,2,⋯,R) , (6)

where R is the evolution number. It depends on the length of
measurement route L and observation spacing δR along with
the route, e.g., when the length of route is 8 m and the observa⁃
tion spacing is set as 0.1 m, the evolution number R is 80.

According to [36], the process of birth and death is assumed
to be statistic independent, because the time variation of the
channel can also be reflected when MS moves. The main vari⁃
able in this model is the distance. The birth and death proba⁃
bilities of each cluster are respectively expressed as
λi =λe-λδRD , (7)
μi = μe-λδRD , (8)

where λ is the cluster newly⁃generate rate, μ is the cluster
disappear rate, δR is the observation spacing, and D is the
distance correlation factor. Besides, the birth ⁃ death process
should meet the following conditions

ì

í

î

ïï
ïï

pii + 1(t) =λi(t) + o(t), (λi > 0, i = 0,1,⋯,N - 1,λN = 0)
pii - 1(t) = μi(t) + o(t), (μi > 0, i = 0,1,⋯,N,μ0 = 0)
pii = 1 -(λi + μi)t + o(t)
pij(t) = o(t), || i - j ≥2

. (9)

It is noted that the number of clusters is depend on the clus⁃
tering algorithm. The ratio could be set to tell different clusters
and the distance among different MPCs in a cluster. In this
case, we wanted show more clusters in NLoS conditions so as
to get more information of spatial evolution of clusters.
4.3 Visibility Regions

The concept of visibility region (VR) is proposed by the
COST 259, COST 2100 MIMO channel model and more [37],
[38]. It is an assumed circular region given in the measurement
route. Each VR is related to only one cluster. When the MS
moves inside one VR, the corresponding cluster would be ac⁃
tive. Otherwise, it would be inactive. With these features, clus⁃
ters can be observed clearly in mobile scenarios.

Based on the results of clustering, we inferred and calculat⁃
ed the lifetimes of clusters by converting the lifetime to the ra⁃
dius of VR [39], and the cumulative density functions (CDF) of
radii of the VRs are presented. To simplify the method, we as⁃
sume that the MS moves across the center of VRs, i.e., all of
the circle centers are distributed along with the route. In LoS
conditions, the radii of VRs range from 0.03 m to 2.63 m (Fig.
7a), while the radii in NLoS conditions range from 0.03 m to
1.0871 m (Fig. 7b), which are less than those in LoS condi⁃
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▲Figure 6. The evolution of clusters along with the measurement route.

LoS: line of sight NLoS: non⁃line of sight

CDF: cumulative density function
LoS: line of sight

NLoS: non⁃line of sight
VR: visibility region

▲Figure 7. The CDFs of radii of VRs in (a) LoS and (b) NLoS conditions.
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tions because the appearance and disappearance of clusters oc⁃
cur more frequently. The lognormal distribution fitting is also
built, with respect to the measurement curves. The mean and
standard deviations of the fitting curves are 0.5180 m and
0.6505 m in LoS conditions and 0.1778 m and 0.2187 m in
NLoS conditions, respectively (Fig. 7).

5 Conclusions
In this paper, we summarize the channel measurements and

models of massive MIMO system in recent two years. With the
increasing number of antennas, the capacity, efficiency and re⁃
liability of the system achieve better performance. The channel
measurements of channel characteristics including capacity, ei⁃
genvalue properties, antenna arrays and MU are analyzed.
Based on the channel model categories, the channel models
proposed in recent two years are reviewed. The massive MIMO
research work by our team is also presented. In our research
work, the rationality of massive MIMO virtual measurement is
verified and the evolution of clusters of massive MIMO in mo⁃
bile scenarios is analyzed.
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