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Abstract. Massive Multiple Input Multiple Output (MIMO) has been
widely considered as one of the most promising technologies for the fifth-
generation (5G) wireless communication. In massive MIMO system, the
research on channel characteristics is important. In this paper, the char-
acteristics for massive MIMO channels at both 2 GHz and 6 GHz are
investigated. Based on the real-world measurements, the channel param-
eters in the delay and frequency domains are extracted to show the
non-stationary phenomenon over the large-scale antenna array. Further-
more, the characteristics of the angular parameters extracted by space-
alternating generalized expectation-maximization (SAGE) algorithm are
investigated and the fluctuations are modeled. The results for different
frequencies are useful for deep understanding of massive MIMO channels
in the future.
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1 Introduction

Nowadays, the fifth-generation (5G) wireless communication is a very hot topic
in both academic and industry fields [1]. The key capabilities of 5G systems
will dramatically outperform the previous generation systems. In general, 5G is
expected to have more than 5 times improvement on spectrum efficiency and
more than 100 times improvement on energy and cost efficiency [2]. To fulfill the
requirements of 5G, massive Multiple Input Multiple Output (MIMO) technol-
ogy has been introduced and regarded as one of the most important technologies
in 5G system.
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Some key issues for massive MIMO have already been figured out in recent
years. As the foundation of wireless communication, the deep understanding of
propagation channel is of importance. However, the researches on channel char-
acteristics and modeling approaches are still open issues for massive MIMO. In
a massive MIMO system, a large number of antennas will be equipped at the
base stations [3]. Therefore, the massive MIMO channel characteristics should be
obviously different from the traditional MIMO channels. Channel measurements
for massive MIMO have been performed in various of scenarios, such as outdoor
campus [4,5], indoor scenario [6], and indoor venue [7]. Different antenna array
shapes have been adopted for massive MIMO measurements, which include 128-
element linear and cylindrical array [8,9], 112-element scalable virtual antenna
array [10], and 64-element switch array with different shapes [6], respectively.
Based on the measurement results, channel characteristics such as channel gain,
delay spread, Ricean K-factor, and angular power spectrum are analyzed, and
the non-stationary phenomenon over the large-scale antenna array has been dis-
covered [8]. However, the differences between channel characteristics at different
frequencies in massive MIMO channels are not considered in the existing mea-
surements. Moreover, the channel behaviors in some typical 5G scenario are not
fully addressed.

Hence, channel measurements at both 2 GHz and 6 GHz in an indoor hall
scenario have been briefly introduced in this paper. The non-stationary phe-
nomenon over the large-scale antenna array has been presented by the obtained
statistical parameters in the delay and frequency domains, and these behaviors
at different frequencies are further explained. Finally, the characteristics of the
channel angular parameters are investigated, and the non-stationarity of these
parameters is modeled.

The rest of this paper is organized as follows. The massive MIMO channel
characteristics at different central frequencies are presented in Sect. 2. Section 3
describes the characteristics and modeling of angular parameters. Finally, Sect. 4
concludes the paper.

2 Massive MIMO Channel Characteristics

2.1 Measurement Description

The measurement environment was selected in an indoor hall scenario, which was
expected to have ultra-high connections during the events. The transmitter (Tx)
antenna was a 64-element virtual linear antenna array generated by using a high-
accuracy automatic turntable, thus the Tx array could be regarded as a large-
scale antenna array. At the receiver (Rx) side, a 4-element linear antenna array
was constituted by moving one single antenna manually. The central frequency of
the measurements was selected as 2 GHz or 6 GHz with a bandwidth of 200 MHz,
so as to compare the channel characteristics at different propagation frequencies.
Note that both 2 GHz and 6 GHz are considered as the alternative frequencies
for the massive MIMO system in 5G. During the measurements, both the line-of-
sight (LOS) and the non-LOS (NLOS) cases were considered, and the NLOS case
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was realized by placing the Rx antenna array below the seats. Moreover, a multi-
carrier signal in the frequency domain was utilized to measure the channels by
the self-designed channel sounder system. Thus, the wideband channel transfer
function (CTF) between the m-th Tx antenna and the n-th Rx antenna can be
obtained from the recorded IQ data, which can be expressed as H(m,n, τ), and
τ is the multipath delay. Finally, all the details of the measurement scenario and
system can be found in [11].

2.2 Power Delay Profile

The channel impulse response (CIR) h(m,n, τ) can be obtained from the inverse
Fourier transform of the CTF H(m,n, τ). The power delay profile (PDP) and the
corresponding average PDP (APDP) along the Tx antenna array APDP (m, τ)
can then be calculated according to the method in [11]. It is noted that the effec-
tive multipath components (MPCs) are extracted by using the power threshold
selected as the noise floor of measurement system plus 6 dB [12].

The root mean square (RMS) delay spreads (DSs) can therefore be computed
based on APDPs

στ=

√∫ ∞
0

τ2APDP(m, τ)dτ∫ ∞
0

APDP(m, τ)dτ
−τ2, (1)

where τ is the mean delay, and can be expressed as

τ =

∫ ∞
0

τAPDP(m, τ)dτ∫ ∞
0

APDP(m, τ)dτ
. (2)

The RMSDSs for different conditions are illustrated in Fig. 1. It is noticed that
the RMSDSs in the LOS condition are roughly smaller than the values in the
NLOS condition across the large-scale array at both 2 GHz and 6 GHz. However,
the RMSDSs in the NLOS case are just slightly larger than the values in the LOS
case at 2 GHz, which can be explained by a combination of smaller free space path
loss and penetration loss at the lower frequency, i.e., the NLOS condition in such
an indoor hall scenario is more like an obstructed LOS condition at 2 GHz. One
can observe that the received power difference between LOS and NLOS cases is
larger in the 6 GHz case than in the 2 GHz case. Diffraction over the seats will also
be somewhat stronger at the lower frequency. Worth noting is the unexpected
and fairly large variation of the LOS component in the 2 GHz LOS case. At
present we do not have a good explanation for this phenomenon. One hypothesis
is a stronger two-ray condition from the floor reflection at 2 GHz, yielding lower
received power around the center of the array. Finally, the statistics of RMSDS
are summarized in Table 1.
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2.3 Frequency Correlation Function

The frequency correlation function (FCF) of the m-th Tx position, which can
be obtained from the Fourier transform of the APDP of the m-th Tx position,
is defined as [13]

RH(m,Δf) =

+∞∫
−∞

APDP(m, τ) · e−j2πΔfτdτ, (3)
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Fig. 1. RMSDSs under different conditions at 2 GHz and 6 GHz.

Table 1. Statistics of RMSDSs in nanoseconds under different conditions at 2 GHz
and 6 GHz

Condition Minimum value Maximum value Mean value Standard deviation (Std)

2GHz (LOS) 16.99 38.42 27.71 5.17

2GHz (NLOS) 20.05 50.51 30.15 5.59

6GHz (LOS) 15.64 31.56 22.48 3.32

6GHz (NLOS) 22.82 142.2 68.13 26.31

where the Δf is the frequency difference. The measured FCFs at 2 GHz and
6 GHz across the Tx array are therefore obtained. The coherence bandwidth Bcoh

can then be defined as a bandwidth at which the correlation drops to a value of
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1/e. Here also we might draw the same conclusion that non-stationarity exists
for both 2 GHz and 6 GHz with different extents. Figure 2 gives the coherence
bandwidth across the Tx array. As expected, the NLOS values of coherence
bandwidth are generally smaller than those for the LOS case at 6 GHz, but
there is no clear dependency at 2 GHz. Also, it can be observed that the values
vary significantly over the large-scale antenna array at both center frequencies.
Finally, the statistics of coherence bandwidths are summarized in Table 2.
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Fig. 2. Coherence bandwidths under different conditions at 2 GHz and 6 GHz.

Table 2. Statistics of coherence bandwidths in MHz under different conditions at
2 GHz and 6 GHz

Condition Minimum value Maximum value Mean value Standard deviation (Std)

2GHz (LOS) 8.58 72.90 25.96 17.80

2GHz (NLOS) 7.80 62.77 26.27 14.51

6GHz (LOS) 19.49 84.21 64.42 12.00

6GHz (NLOS) 7.02 56.53 22.64 13.16

3 Non-stationary Characteristics of Angular Parameters

In this section, the non-stationarity on the angular characteristics over the large-
scale antenna array at different frequencies is further investigated, and the fluctu-
ations of different statistical parameters in the angular domain are also modeled.
Note that the characteristics in the delay domain can be found in [14].
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Fig. 3. Definition of the propagation path at the Tx side.

To obtain the angular parameters of MPCs, the space-alternating general-
ized expectation-maximization (SAGE) algorithm is adopted. The number of
MPCs in SAGE is chosen as 80, and the delay resolution is 5 ns, which is the
same with the measurement system. As the linear antenna array at the TX side
is used in our measurements, the azimuth angle of departure (AOD) over the
large-scale antenna array can be estimated in SAGE, which ranges from 0◦ to
180◦ as defined in Fig. 3. Therefore, the MPCs with the same propagation delay
can be further distinguished as different MPCs based on the estimated AODs,
and the CIR of each MPC can be expressed as h (n,m, τ, ϕ), compared to the
CIR of MPC h (n,m, τ) without the angular information. The ϕ is the azimuth
AOD estimated for each MPC in the SAGE algorithm. The power azimuth spec-
trum (PAS) of each sub-channel between the m-th Tx antenna and the n-th Rx
antenna can therefore be computed as

P (ϕ) =
L∑

l=1

δ(ϕ − ϕl)|h (n,m, τ, ϕ)|2, (4)

where L is the number of MPCs, which equals to 80. By using the P (ϕ), the
statistical parameters in the angular domain can be obtained.

The root mean square azimuth spread (RMSAS) at each Tx position is
defined by

σϕ =

√√√√√√√√
180◦∑
ϕ=0◦

|ϕ − μϕ|2P (ϕ)

180◦∑
ϕ=0◦

P (ϕ)
, (5)

where μϕ is the mean angular value of the PAS at each TX position, and can be
calculated as

μϕ =

180◦∑
ϕ=0◦

ϕP (ϕ)

180◦∑
ϕ=0◦

P (ϕ)
. (6)
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Similar to RMSDS, the spatial dispersion in the angular domain can be
described by RMSAS. Finally, the maximum value of the PAS is defined by

ϕmax = arg max
ϕ∈[0◦,180◦]

(P (ϕ)), (7)

which gives the AOD of the dominant MPC under any conditions.
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Fig. 4. CDFs of the RMSAS under different conditions at 2 GHz and 6 GHz.

The fluctuations of RMSASs across the large-scale antenna array at differ-
ent frequencies are aimed to be modeled, so as to characterize the differences
of non-stationarity between different frequencies. However, no clear trends can
be discovered for the angular parameters over the large-scale antenna array.
Thus, it can be concluded that the statistical angular parameters change irreg-
ularly for different antenna positions, and the cumulative distribution functions
(CDFs) of the RMSASs under different conditions at both 2 GHz and 6 GHz
are plotted in Fig. 4. It can be observed that the range of RMSASs at 2 GHz in
the LOS condition is larger than the ranges in other three cases, which agrees
with the result in Sect. 2.3 where this case was found to have the largest degree
of non-stationarity. We can also see that RMSASs in the LOS conditions are
larger than the values in the NLOS conditions at both 2 GHz and 6 GHz. This
can be explained that the NLOS condition in our measurement is more like the
obstructed LOS condition due to the limited measurement spaces, and most of
the MPCs with large AODs are blocked by the seats. According to the results
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in [11], the dominant MPCs in the NLOS conditions are the ground reflection
path and the diffracted path over the seats, and the AODs of these paths regard-
ing to the AOD of LOS path are very small. With larger path loss and penetration
loss, this phenomenon is more distinct at 6 GHz.

As also shown in Fig. 4, the CDFs of RMSASs under different conditions at
both 2 GHz and 6 GHz can all be well modeled by the Gaussian distributions. By
adopting the Kolmogorov–Smirnov (KS) testing, the goodness of all these fittings
have been tested. The measured values and Gaussian fit values of RMSASs are
further summarized in Table 3. From the results of modeled standard deviation,
one can also draw a conclusion that the fluctuations of RMSASs are positively
correlated to the non-stationarity characterized by collinearity [11] in different
conditions.

Table 3. Statistics of RMSASs under different conditions at 2 GHz and 6 GHz

Condition Measured values Gaussian fit values

Median 90th percentile Mean Std

2 GHz (LOS) 32.26◦ 38.58◦ 31.89◦ 9.09◦

2 GHz (NLOS) 23.52◦ 28.45◦ 23.41◦ 7.94◦

6 GHz (LOS) 27.89◦ 33.97◦ 28.19◦ 5.34◦

6 GHz (NLOS) 22.99◦ 29.48◦ 23.80◦ 6.21◦

As the strongest path in each condition, the maximum value ϕmax of the
PAS over the large-scale antenna array is investigated. Obviously, the maximum
value ϕmax in the LOS condition can be expressed as

ϕmax = ϕLOS , (8)

and ϕLOS is the AOD for the LOS path, which can be simply calculated by the
geometry. However, ϕmax in the NLOS condition is more difficult to determine.
Figure 5 gives the maximum value ϕmax of the PAS over the large-scale antenna
array in the NLOS conditions. As discussed above, a potentially strong diffracted
path (and possibly a floor reflected path) still exists in some sub-channels, and
these paths have similar AOD to that of the LOS path in this position. Thus,
based on the results in Fig. 5, the maximum value ϕmax in the NLOS condition
is modeled as

ϕmax = ϕLOS + σϕ, (9)

where σϕ is the standard deviation of the ϕmax at each center frequency. The
values of σϕ are calculated and listed in Table 4.
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Table 4. Standard deviation of the value σϕ in the NLOS condition

2 GHz 6 GHz

σϕ 5.84◦ 4.01◦
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Fig. 5. Maximum value of the PAS over the large-scale antenna array in the NLOS
condition.

4 Conclusion

The massive MIMO channel characteristics at both 2 GHz and 6 GHz have been
presented in this paper. The non-stationary phenomenon across the large-scale
antenna array were investigated by the obtained statistical parameters in the
delay and frequency domains. It was found that the RMSDSs and the coher-
ence bandwidths over the large-scale antenna array were clearly different in dif-
ferent conditions, and the statistical values were also provided in this paper.
Furthermore, the RMSAS and the maximum value of the PAS over the large-
scale antenna array were investigated, and the median values of RMSAS ranged
from 22.99◦ to 32.26◦ under different cases. Finally, the non-stationarity models
of these angular parameters were further established. These results should be
useful for deep understanding of massive MIMO channels in the future.
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