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Abstract—Massive multi-input and multi-output (MI-
MO), which uses large-scale antenna arrays to improve
spatial efficiency, strengthen performance robustness, etc.,
is one of primary technologies of 5G wireless communi-
cation. To gain further insights into the massive MIMO
channel, measurements with the virtual antenna array
of the same structure (256 antennas at transmitter and
16 antennas at receiver) are performed in an urban
macrocell scenario (UMa) at different frequencies (3.5 &
6 GHz) with different bandwidths (100 & 200 MHz). The
enormous collected channel impulse responses enable us
to present comparative results including the power delay
profile, delay spread and extract angular parameters via
SAGE algorithm. Furthermore, angle spread values are
illustrated as a direct reflection of massive MIMO channel
propagation, then we present comparative channel capacity
results. Collectively, these results will shed light on the
design of massive MIMO system in UMa environments.

I. INTRODUCTION

Massive multi-input and multi-output (MIMO), which
evolves from MIMO technology, is one of primary
technologies of 5G wireless communication. With the
number of antenna elements deployed on base station
growing from tens to hundreds, the channels among dif-
ferent antennas tend to be orthogonal based on theoretic
analysis [1], thus the safety, energy efficiency, spatial
efficiency and the robustness of massive MIMO system
are significantly improved [2]–[4].

Compare with large number of study on massive
MIMO system are based on theoretical simulation, there
are a lot less results of the system performance of the real
radio channels, thus field measurements with massive
MIMO antenna arrays have been carried out recently.
The measurement in reference [5] was conducted by
Aalborg University with 64 Tx antennas at 2.6 GHz
center frequency with 50 MHz bandwidth found that an
increase in the aperture of the antenna would improve
the transmission performance. The measurements in
reference [6] were launched in University of Stuttgart
with planar, horizontal, and vertical antenna geometries
at 2.59 GHz, the results implied that the horizontal

antenna arrangement performed best, meanwhile vertical
performed worst. Lund university of Sweden has done
research on massive MIMO with 128 element antennas
at the 2.6 GHz with 50 MHz bandwidth, the performance
of two kinds of antenna configurations uniform linear
array (ULA) and uniform cylindrical array (UCA) were
compared, where ULA would provide better spatial
separation than the UCA [7]. A stationary measurement
which uses the ULA with 128 elements has been con-
ducted in Beijing Jiaotong Unversity at 1.47 and 4.47
GHz in a stadium [8], and propagation characteristics in-
cluding pathloss, excess delay and coherence bandwidth
at 2, 4 and 6 GHz in an indoor scenario are presented
as well [9]. A recent study of massive MIMO channels
based on the measurement in an outdoor -to-indoor (O2I)
scenario at 3.5 GHz also has been reported [10].

The above field measurements enable us to understand
massive MIMO channel better, however, comparative
propagation behaviors in UMa scenario among different
center frequencies and bandwidths still remains un-
known. Thus, in this paper, we focus on the propagation
characteristics of massive MIMO in UMa scenario and
conduct measurements at 3.5 GHz with 100 & 200 MHz
bandwidths and 6 GHz with 200 MHz bandwidth. A
large-scale antenna array with 256 elements was utilized
at the transmitter (Tx) (shown in Fig. 1b, 1c) and a
cylindric antenna array with 16 elements at the receiver
(Rx) (shown in Fig. 1a), propagation channels at fixed lo-
cations are captured. From the optical view, locations are
divided into line-of-sight (LoS) and none line-of-sight
(NLoS) cases, comparative results including power delay
profile (PDP), root-mean-square (RMS) delay spread
(DS), RMS angle spread (AS) and channel capacity have
been illustrated. A better resolution of PDP and a larger
RMS AS are observed in larger bandwidth at higher
frequency, which indicates a better scattering and leads
to largest channel capacity at 6 GHz with 200 MHz
bandwidth.

The rest of the paper is organized as follow: in Section



II, the measurement equipment and the measurement
campaign is described. Section III details the data post-
processing and the measurement results. In Section IV,
the conclusion is drawn.

II. CHANNEL MEASUREMENT

A. Equipment of Measurement

To investigate the channel propagation characteristics
of massive MIMO system, extensive channel measure-
ments were performed at Beijing University of Posts
and Telecommunications (BUPT), China. The antenna
arrays are illustrated in Fig. 1, where an omnidirectional
antenna array (ODA) with 56 elements in Fig. 1a and
uniform planar antenna array (UPA) with 32 elements in
Fig.1b are equipped at Rx and Tx, respectively. However,
in our measurement, only 16 elements (marked by red
box in Fig.1a) of Rx are active, and a virtual Tx with 256
elements (by shifting the UPA horizontally and vertically
as green arrows shows in Fig.1c 8 times) are reconstruct-
ed, which collect samples of the massive MIMO channel
in a dimension of 256×16. To be noted, the channel was
recorded by the Elektrobit PropSound Channel Sounder
[11] in a time division way, a stationary environment is
assumed when we shift the 32 elements UPA 8 times
within a short time, which ensures the rationality of
this virtual measurement method [12]. Repeated mea-
surements are conducted at different frequencies (3.5 &
6 GHz) with different bandwidths (100 & 200 MHz) by
using the same antenna arrays as described above, which
will allow us to compare the massive MIMO propagation
characteristics among different measurement cases.

B. Measurement Scenario

The measurement campaigns were conducted near the
No.2 Teaching Building of Hongfu campus in BUPT,
where the nearby buildings are much lower, which forms
a typical urban macro (UMa) cell scenario as shown
in Fig. 2(a). The base station (the Tx) was located on
top of the 7-floor teaching building with a height being
31m, surrounding buildings are much lower than the
base station, and the mobile station (the Rx) was placed
on a trolley with 1.8 m high to the ground. The red
symbol denotes the location of Tx antenna and yellow
section denote its 3-dB lobe width. The Rx position of
LoS and NLoS is shown in the map with white point.
We divide the fixed locations into LoS and NLoS cases
from the optical view, thus location 1 and 2 belong to
LoS case while location 3 and 4 belong to NLoS case.
Fig. 2(b) shows the position of Tx and Rx antenna that
view from ground.

III. DATA ANALYSIS AND THE MEASUREMENT
RESULT

By combining the 8 groups of 32 × 16 antennas
channel impulse response (CIR) that calculated form

(a) Layout and schematic of ODA in Rx

(b) Layout and schematic of UPA in Tx

(c) Schematic diagram of 256 elements antenna in Tx

Fig. 1. Layout and schematic of antenna array.

(a) The overview (b) The position

Fig. 2. The overview of the measurement area by Baidu Map, and
the setup position of Tx and Rx antenna.

raw data on the base of the timing sequence, the CIRs
result of the 256× 16 antennas array obtained, and the
following data analysis are based on the large antenna
array CIR.

A. PDP

The PDP evaluates the delay dispersions of multiple
path components and the power of path l with delay τl
is calculated as follows:

Pl = |h(τl)|2 , l = 1, 2, ..., L (1)

where L is the total number of multipaths in the massive
MIMO channel. We draw the PDP by listing the average
power of 256 × 16 multipaths and their corresponding
excess delays in Fig. 3 and Fig. 4 for LoS and NLoS



cases, respectively. Since the PDP in different locations
differ greatly due to the different propagation channels,
thus the PDP shown above is for one location in each
case.

Fig. 3a shows the comparison result in LoS 1 scenario.
As is seen from the picture, 200 MHz have more spikes
and burrs than the 100 MHz one in 3.5 GHz. Fig. 3b
shows the comparison result of different frequency with
same bandwidth, more details of spikes and burrs can
be seen in 6 GHz one.
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(a) Comparison PDP of 100 & 200 MHz bandwidth in 3.5 GHz
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(b) Comparison PDP of 3.5 & 6 GHz with 200 MHz bandwidth

Fig. 3. The comparison of PDP in LoS scenario .

Fig. 4 shows the comparison result in NLoS 1 case,
the same as the LoS 1 case, with the increasing of band-
width and center frequency, more burrs in PDP can be
seen. With the richer scattering reflection environment,
more path will exist in NLOS scenario.

B. RMS Delay Spread
On the basis of PDP, the statistical characteristics of

time dispersion can be calculated. RMS delay spread
(DS) τrms which defined as the square root of the second
central moment of PDP can be obtained by

τrms =

√√√√√√√√
L∑

r=1
(τl − τmean)

2
Pl

L∑
r=1

Pl

(2)

where the mean excess delay τmean is obtained by

τmean =

L∑
l=1

τlPl

L∑
r=1

Pl

(3)
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(a) Comparison PDP of 100 & 200 MHz bandwidth in 3.5 GHz
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(b) Comparison PDP of 3.5 & 6 GHz with 200 MHz bandwidth

Fig. 4. The comparison of PDP in NLoS scenario .
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Fig. 5. The RMS delay of LoS scenario.

The noise threshold is set to be 3 dB above the
noise floor. The probability density distributions function
(PDF) of the RMS DS (log10(s)) are the different
channel measurements point with the different 1x1 SISO
links in each 256x16 measurement at one case, the PDF
of LoS and NLoS case are shown in Fig. 5 and Fig.
6 respectively. We use the Gaussian distribution to fit
the RMS DS from measurement data. In Fig. 5 of LoS
case, the mean value µ of the RMS DS at 3.5 GHz
with 100 MHz bandwidth is 186 ns, 3.5 GHz with 200
MHz bandwidth is 100 ns and 6 GHz with 200 MHz
bandwidth is 79 ns.

Fig. 6, shows the RMS DS in NLoS case, the delay of
3.5 GHz with 100 MHz bandwidth is 691 ns, 3.5 GHz
with 200 MHz bandwidth is 407 ns and 6 GHz with 200
MHz bandwidth is 309 ns. The RMS DS decrease with
increasing the bandwidth and frequencyand the results
show that the measurement environments have strong
impact on the RMS DS, the NLoS case have larger
RMS DS due to the richer scattering environment that
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Fig. 6. The RMS delay of NLoS scenario.

TABLE I
MEANS AND STANDARD DEVIATIONS OF RMS DELAY

SPREAD

Measurement Case Delay spread LOS NLOS
Frq:3.5 GHz

BW:100 MHz
µ log 10(s) -6.73 -6.16
σ log 10(s) 0.142 0.016

Frq:3.5 GHz
BW:200 MHz

µ log 10(s) -7.00 -6.39
σ log 10(s) 0.173 0.141

Frq:6 GHz
BW:200 MHz

µ log 10(s) -7.10 -6.51
σ log 10(s) 0.132 0.200

generates plentiful longer reflection paths.
Table I illustrates the comparative results of the RM-

S DS among repeated measurements, which provides
insights into the impacts of bandwidth and subcarrier
frequencies on propagation parameters. As we can see
the tendency of the mean value is getting large with the
increase of bandwidth and frequency, the mean value
tendency is similar [10] in 3.5 GHz with 100 & 200
MHz bandwidth in outdoor-to-indoor scenario, but the
variance does not show a clear tendency.

C. RMS Angle Spread

The multipath channel parameters can be extracted
from the CIR by using the well know Spatial Alternating
Generalized Expectation maximization (SAGE) algorith-
m [13]. These channel parameters including ASA, ASD,
ESA, ESD are presented in Table II. As we can see from
the table, the growth of the mean value of RMS angle
spread (AS) is not obvious from 100 to 200 MHz in
3.5 GHz. While comparing the result of 3.5 and 6 GHz,
most of the angle expansion are significant, except the
ESD. Due to the shorter wavelength, the scattering on
the surface of the scatterers become richer, the higher
frequencies bring larger AS, but the variance of RMS
AS, as well as RMS DS, does not show a clear tendency

D. Channel Capacity

Channel capacity is the key performance indicators
of massive MIMO. The capacity of N × M massive
MIMO channel is given by [14], N is the Tx number of
antennas, M is the Rx number of antennas.

C =
1

B

∫
B

log2 det
(
IM +

ρ

N
H (f)H(f)

H
)
df (4)

TABLE II
THE RMS ANGLE SPREAD IN UMA

Scenarios LoS NLoS

Frq:3.5 GHz
Bw:100 MHz

AoA spread (ASA)
log 10(o)

µ 1.18 1.58
σ 0.126 0.117

AoD spread(ASD)
log 10(o)

µ 1.28 1.37
σ 0.048 0.082

EoA spread(ESA)
log 10(0)

µ 1.2 1.37
σ 0.051 0.095

EoD spread(ESD)
log 10(o)

µ 1.46 1.48
σ 0.029 0.051

Frq:3.5 GHz
Bw:200 MHz

AoA spread (ASA)
log 10(o)

µ 1.25 1.64
σ 0.08 0.086

AoD spread(ASD)
log 10(o)

µ 1.21 1.31
σ 0.059 0.034

EoA spread(ESA)
log 10(o)

µ 1.23 1.08
σ 0.054 0.078

EoD spread(ESD)
log 10(o)

µ 1.48 1.46
σ 0.023 0.014

Frq:6 GHz
Bw:200 MHz

AoA spread(ASA)
log 10(o)

µ 1.66 1.92
σ 0.057 0.015

AoD spread(ASD)
log 10(o)

µ 1.31 1.32
σ 0.123 0.131

EoA spread(ESA)
log 10(o)

µ 1.36 1.42
σ 0.066 0.05

EoD spread(ESD)
log 10(o)

µ 1.31 1.02
σ 0.186 0.148
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Fig. 7. The capacity comparison of LoS 1 scenario.

where ρ denotes the signal to noise ratio (SNR), H(f)
is the channel matrix in frequency domain, B is the
bandwidth. The mean channel capacity realized can be
given by

C̃ (ρ) =
1

K

K∑
k=1

log2 det

(
IM +

ρ

βN
HrH

H
r

)
(5)

where K is the number of channel realizations, Hr is the
discrete channel that been realized and β is a common
normalization factor for all Hr within one snapshot
which satisfies

E

{
1

β
∥Hr∥2F

}
= N ·M (6)

that makes the average channel power gain unitarily [15].
The capacity of MIMO system (32×16) and massive

MIMO system (256×16) we get from (5) with different
frequency and bandwidth are shown in Fig. 7 & 8. Seen
from the detail part of Fig. 7, the capacity increases
with the bandwidth and frequency in LoS case, but the
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Fig. 8. The capacity comparison of NLoS 1 scenario.

results are close to each other. While in Fig. 8, the NLoS
case, obvious capacity gaps among different bandwidths
and frequencies are observed, which could be analyzed
by the richer scattering in NLoS scenario, thus above
the capacity gap would be expanded as compared to
the LoS counterpart. Also we can seen from the figure,
3.5 GHz 200 MHz bandwidth has higher capacity than
100 MHz Bandwidth, it probably due to the specific
physical layout of the measurement scenario makes the
bps/Hz capacity gain more efficient. In addition, we
compare the massive MIMO system and the convention-
al MIMO system, the results show that a better channel
performance can be achieved by increasing the antenna
number, which provides additional spatial degrees of
freedom.

IV. CONCLUSIONS

In this paper, we have conducted the virtual massive
MIMO (256×16) field measurement in an UMa sce-
nario at two carrier frequencies (3.5 & 6 GHz) with
two bandwidths (100 & 200 MHz), aiming to provide
insights on the effects of frequency and bandwidth
on massive MIMO channel propagation characteristics.
The enormous measured samples of CIR enables us to
present comparative results of PDP and DS between
measurements with different frequencies and bandwidth-
s, which demonstrate a larger DS at lower frequency
and narrower bandwidth. Then we extract propagation
parameters including azimuth and elevation angles of
multipaths via SAGE algorithm and calculate the AS
values. Larger AS values at 6 GHz with 200 MHz are
observed than the 3.5 GHz with 100 MHz counterpart,
which implicates a better scattering at higher frequency
and wider bandwidth. Furthermore, we evaluate the
above metrics, i.e., DS and AS, on system performance
and present comparative capacity results. As expected,
measurement at 6 GHz with 200 MHz achieves the
highest channel capacity, which can be even 20 bps/Hz
higher than that at 3.5 GHz with 100 MHz especially for
NLoS locations. Collectively, all the above results based
on the virtual massive MIMO field measurement enable
us a better understanding of massive MIMO channel
propagation.
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