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ABSTRACT The fading and correlation characteristics of virtual, yet realistic, line-of-sight (LOS)
4 × 2500 millimetric (mmW) massive MIMO channels are investigated at 94 GHz in an indoor office
environment for three different Tx–Rx distance scenarios. The capability of the mmW massive MIMO
channel to spatially decorrelate the users is evaluated with the computation of the channel correlation and
other channel metrics, such as power-to-interference ratio and condition number. In particular, the correlation
between channel vectors for a given user and its influence on receiving correlation is discussed. The results
clearly demonstrate the capability of mmW massive MIMO systems to reach orthogonal Tx–Rx streams
even for a small 7 × 7 antenna array subset with correlation between users <0.2. Moreover, strong phase
variations at Tx side at this frequency range are highlighted through channel phase correlation studies and
were shown to contribute to the decorrelation at Rx side between close users, paving the way for further
massive MIMO system enhancements.

INDEX TERMS Millimeter wave, massive MIMO, indoor propagation.

I. INTRODUCTION
Global mobile data traffic is expected to grow at a compound
annual rate (CAGR) of 47 percent from 2016 to 2021 thus
reaching 49 exabytes per month by 2021 [1]. This huge data
revolution requires the intensive use of telecom networks and
has prompted the research community to develop, among
other solutions, MIMO systems in adjunction with the large
bandwidth available in the mmW frequency bands.

The mmW technology offers several major benefits. It can
be used for high data transmission using low order modula-
tion resulting in less power, reduced complexity, and lower
cost. In addition, higher frequencies imply smaller antennas
and arrays which could fit into user terminals or adequate for
small cells. On the other hand, mmW frequencies are subject
to additional isotropic free-space attenuation [2] as well as
potential losses due to blockages and specific gases in the
environment [3]. Nonetheless, this approach is gaining a lot
of momentum in the wireless industry and is on the research
agenda of the 2020 5G-PPP initiative [4]. For instance,

use-cases and applications such as smart offices, tactile
internet, high definition video streaming, automotive
radar, security screening, substance identification and non-
destructive testing and remote surgery among others are
also listed in the mmMAGIC project [5], in [6]–[8]
and in the European Telecommunications Standards Insti-
tute (ETSI) [9].

In parallel, massive MIMO systems, also called very
large multi-user (MU)-MIMO, are strongly envisioned to
increase the sum rate capacity and energy efficiency. The
concept was first introduced in [10] where the author stated
that as the number of antennas of the base station (BS)
approaches infinity, individual user channels become spa-
tially decorrelated and pairwise orthogonal thus boosting the
principle of simultaneous transmissions. It was also shown
this approach enables simple linear precoding schemes at
low frequency bands [11]. An overview of benefits, oppor-
tunities and challenges which flow from Massive MIMO
are presented in [12]–[14]. However, large-scale MIMO

VOLUME 6, 2018
2169-3536 
 2018 IEEE. Translations and content mining are permitted for academic research only.

Personal use is also permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

62361

https://orcid.org/0000-0001-6415-7363
https://orcid.org/0000-0003-3455-5824


F. Challita et al.: Line-of-Sight Massive MIMO Channel Characteristics in an Indoor Scenario at 94 GHz

has only been tested in labs [15]–[18] and a few field
trials [19].

From this discussion, it can be assumed that the asso-
ciation of the massive channel with mmW technology is
well suited for 5G systems [20], [21] to improve throughput
performance and wireless access. Surveys on mmW mas-
sive MIMO communication for future wireless systems are
presented in [22]–[24]. However, measurements, simulations
and performance evaluation of the mmW Massive MIMO
channel are scarce (found in [25] and [26]). In [27], mmW
massive MIMO channel measurements at 11, 16, 28, and
38-GHz bands were conducted in indoor environments. Mas-
sive MIMO measurements at 44 GHz with a 48-element
active phased-array were performed in [28]. Indoor massive
MIMO channel measurements at 13-17 GHz using a vec-
tor network analyzer (VNA) and a 20 × 20-element virtual
uniform rectangular array were also reported in [29]. These
analysis and measurements are not sufficient to characterize
the mmW massive MIMO channel and a thorough analysis
and understanding of the indoor massive channel in the mmW
band is clearly missing through a depiction of the propagation
mechanisms and related parameters retrieved from the mea-
surements.

This work falls within this context and aims at experi-
mentally evaluating the mmW massive MIMO approach in
LOS conditions for indoor applications. The massive MIMO
radio channel was measured at 94 GHz from the same setup
reported in a previous work [30] since this frequency band
is yet to be fully addressed in the literature. For instance,
the extension of the wireless communications systems to
frequencies above 60 GHz (between 60 and 300 GHz) is
envisaged by the first phase the EU’s Horizon 2020 research
program to fill the gap between the millimeter-wave and the
terahertz spectrum [5].

This contribution is a preliminary attempt to understand
and quantify the decorrelation mechanisms between users
and their origin for this band. Nonetheless, the proposed
methodology is applicable to any lower mmW frequencies.
For instance, the fading characteristics and channel correla-
tion mechanisms at both the transmitter and receiver side are
investigated. In particular, the optimal number of Tx antennas
capable of spatially separating a given number of users in
the studied indoor environment (can be extended to other
environments) is addressed.

The rest of the paper is organized as follows. The chan-
nel parameters of interest for a massive MIMO analysis are
outlined in section II with a focus on the correlation notion
and evaluation metrics. Section III shows the scenario and
measurement setup. Before concluding, the different results
are presented in Section IV.

II. PROPAGATION CHARACTERISTICS, CHANNEL
CORRELATION, EVALUATION AND METRICS
Typically, the measured massive MIMO transfer function is
given byH ∈ CK×M×Mf whereK ,M , andMf are the number
of users, transmitting antennas (withM � K ), and frequency

points, respectively. Each element hkmf of H is the extracted
complex channel coefficient associating the k th receiver with
themth transmitter at each frequency point f . The k th receiver
is equipped with a single antenna making the scenario similar
to a multi-user MISO setup.

A. PROPAGATION CHARACTERISTICS
In general, if the channel vectors to different users are corre-
lated, the benefits of large array systems fade. If the channels
exhibit a Rician fading distribution with a dominant LOS
component, the contribution of the multipath components
(MPC) to the radio channel is reduced as well as the degrees
of freedom. The LOS component will exhibit the largest sin-
gular value thus absorbing all the energy to the corresponding
mobile station in the case of power allocation through water-
filling. Hence, it could be believed that such channels are not
favorable in general for massive MIMO for any frequency
band. In contrast, the main advantages of massive MIMO
are expected when the propagation characteristics are rich
(i.e. high degree of freedom). For this case, users can be
spatially separated thus enabling the use of linear receiver
techniques for uplink and downlink. For instance, Rayleigh
fading models provide a much richer environment with a high
degree of freedom and would, therefore, display favorable
propagation conditions. From this point of view, the Rice
factor K , defined as the ratio between the LOS and MPC
(without the LOS component) power (Eq. (1)) is particularly
relevant and critical to describe the complexity of the radio
channel for massive MIMO applications and is a preliminary
step to investigate the correlation mechanisms discussed in
the following sections.

K (dB) = 10log10

(
PLOS∑N
i=1 P

i
NLOS

)
, (1)

where PLOS is the LOS power, PiNLOS is the ith power of the
NLOSMPC, and N the number of computed NLOSMPC (or
channel taps).

B. CORRELATION
The correlation characteristics of the massive MIMO channel
H are split into an analysis of the Rx inter-user correla-
tion and Tx correlation per user. The former and latter are
denoted Intercorrelation and Intracorrelation throughout
the manuscript, respectively.

1) INTRACORRELATION OR Tx SPATIAL CORRELATION
PER USER
This type of correlation shows the dependence between the
channel coefficients for each user and provides additional
information about the fading characteristics and any other
propagation factors that could participate to the decorrela-
tion of the massive MIMO channel from the Tx side. The
intracorrelation ρintrakmref provides the correlation between the
mthref element of the transmitting array arbitrarily selected as
a reference antennawith all the remaining elementsm for user
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k and Mf frequency points:

ρintrakmref (m) =
|
∑Mf

f=1 hkmref f .h
∗
kmf |

2
√∑Mf

f=1 |hkmref f |
2 ·
∑Mf

f=1 |hkmf |
2
, (2)

where (.)∗ denotes the complex conjugate. If a single user
and one antenna reference are considered, Eq. (2) yields
an M -element vector by sweeping all the antennas of the
array. Generalizing for all users and reference antennas, a
K ×M ×M matrix is obtained.

2) INTERCORRELATION OR Rx SPATIAL CORRELATION
Intercorrelation is the main metric to assess the performance
of the massive MIMO system because it helps to predict the
precoding matrix and its complexity as well as many signal
processing techniques. It provides a better understanding of
the system capacity to simultaneously serve a number of
users. Intercorrelation can be expressed in a general form as
in [31]:

ρRx = E{HHH
}, (3)

followed by a normalization. In our study, after reshaping H
into a K × M × Mf matrix, the H.HH (the Gram or inner
product matrix for each frequency point where (.)H denotes
the Hermitian transpose) product will yield a K × K matrix
which, without normalization, is a measure of the correlation
between users. Hence, for any two users i and j, the intercorre-
lation ρinterij as a function of the number of antennas selected
in the array Mt (1 ≤ Mt ≤ M ) is given by:

ρinterij (Mt ) =
1
Mf

 ∑Mf
f=1

∑Mt
m=1 |himf · h

∗
jmf |

2
√∑Mf

f=1
∑Mt

m=1 |himf |
2 ·
∑Mt

m=1 |hjmf |
2

.
(4)

3) EVALUATION METRICS
• Power to interference ratio

Although the intercorrelation coefficient is a good indicator
of the channel orthogonality between users as the number of
emitting antennas is increased, other metrics have also been
proposed. As an example, the power to interference ratio
defined as the diagonal element power of G with respect to
the total power per user can be used to evaluate the focusing
of electromagnetic fields [32]. This criterion evaluates how
much the other users are affecting the variance or the power
intended to a given user. The power to interference ratio γ (G)
can be formulated as follows:

γ (G) =
1
K

K∑
i=1

γi(G) =
1
K

K∑
i=1

(
|gii|2∑K
j=1 |gij|

2

)
, (5)

where gij are the elements of G = H.HH and γi(G) is
the ith element of the K -element power to interference ratio
vector. In addition, γ (G) is an indicator of the percentage of
transmitted power to the intended user instead of interfering
with other users. Hence, values close to one are desired.

• Condition number
Another approach classifying the spatial separation

between users is given by the condition number of the Gram
matrix which here is defined as follows:

κ =

√
max(σ )
min(σ )

, (6)

where σ = [σ1, σ2, . . . , σmin(K ,M )] are the eigenvalues after
the decomposition of the Gram matrix:

G = U · S · VH , (7)

with U ∈ CK×K , V ∈ CM×M , and S ∈ CK×M . Note
that κ could also be computed from the SVD (singular value
decomposition) of H but at the expense of increased com-
putational complexity, especially when dealing with large
channel matrices. The condition number provides a quan-
titative criterion on the effectiveness and influence of the
possible use of the waterfilling algorithm in the case of opti-
mal power allocation for maximum capacity rate. The con-
dition number is a complementary notion to the SVD spread
used to evaluate the joint orthogonality of the user channel
vector in a MIMO system. The closer to one is the condi-
tion number, the easier it is to separate users thus ensuring
orthogonality.
• Reference scenario
In order to evaluate the correlation characteristics of the

massive array, it is good practice to compare with the classical
Rayleigh channel with double-entry independent and identi-
cally distributed (i.i.d.) channel coefficients. This is the best
case scenario and implemented through a random channel
with a large number of observations N . The channel matrix
model H ∈ CK×MN is taken as follows:

Hij =
1
√
2
.(HR + HI ), (8)

where HR and HI are drawn from the normal distribution
Nc(0, I) and are of size K × MN . N is the total number of
observations or frequency points.

III. MEASUREMENTS: RADIO CHANNEL SOUNDER
AND SCENARIOS
The indoor scenario shown in Fig.1 is located in one of the
UPCT laboratories, Spain. The dimensions of the room are
8 × 4.8 × 3.5 meters (W × L × h) and is furnished with
closets, chairs, desktops and shelves. Channel sounding is
the process of evaluating the radio propagation environment
between any transmitter and receiver. This information is
essential for developing robust and reliable wireless systems
to transmit data over the radio channel. The mmW channel
sounder consists in a RS ZVA-67 VNA and RS ZVA-Z110E
up-converters (W-band WR-10, 75 to 110 GHz). The chan-
nel transfer functions were obtained via the S21 scattering
parameter and the system was through calibrated such that
the delay and antenna gains are included in the measurements
and the effects of the system mitigated. More details on the
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FIGURE 1. Panoramic view of the indoor scenario.

TABLE 1. mmW Radio channel sounder configuration.

channel sounding aspects can be found in [30]. The frequency
parameters are shown in Table 1 below:

A 4-element virtual UniformLinear Array (ULA)was used
for Rx and a massive 50 × 50 virtual Uniform Rectangular
Array (URA) for Tx. The receive antenna has a 0.784 m
height while the transmit antenna is 0.886 m above the
ground. Identical polarimetric omnidirectional antennasman-
ufactured byMi-Wave (WR-10) were used [33]. These anten-
nas operate at 94 GHz with 3 GHz bandwidth, 30 degrees
beamwidth in elevation and omnidirectional in the horizontal
plane, 2 dBi gain and typical nominal VSWR of 1.5:1. Hence,
the measured massive MIMO channel H is of size 4 × 50 ×
50 × 1024 (or 4 × 2500 × 1024 if reshaped). The Tx and
Rx antennas were operated with Arricks Robotics positioners
at both sides [34]. The Rx inter-element separation is dRx =
100 mm and the Tx separation is dTx = 9.18 mm correspond-
ing to ∼31λ and ∼3λ, respectively, where λ ≈ 3.19 mm
is the wavelength at 94 GHz. Hence, the transmitting array
spans an area of 150λ× 150λ (∼ 50 cm× 50 cm). The inter-
element spacing at Tx side was selected as a tradeoff between
the maximum displacement offered by the positioning sys-
tem (including coaxial cables for the up-converters) and the
achievement of a realistic massive MIMO configuration in
this frequency range. For instance, the inter-element spacing
was chosen for the ULA (as if we had a real ULA) in order to
obtain spatially uncorrelated, yet physically close, Rx users
(dRx � λ). For the URA, the spacing was chosen to obtain
mutually uncoupled Tx antennas as if an equivalent real array
was used (dTx > λ).

In our study, three URA-ULA positions with increasing
Tx-Rx distances were considered for the evaluation of the
channel: Close (dTx−Rx = 2.63 m), center (dTx−Rx =
4.06 m) and far (dTx−Rx = 6.02 m). It should be noted
that the slightest move strongly modifies the channel in this
frequency range and thus longer distances were not required
for this study. The measurement was performed under static
conditions with no people in the room. These scenarios are
illustrated in Fig. 2.

FIGURE 2. Top view of the indoor scenario. The three investigated
scenarios are labeled as Close, Center, and Far, corresponding to a
categorization of the Tx-Rx distance.

FIGURE 3. PDP averaged over all Tx antennas for the 4 Rx users under the
FAR scenario.

IV. RESULTS AND DISCUSSION
First, Fig. 3 presents the Power Delay Profile (PDP) for all
Rx users with the Far scenario as an example. The PDP is
obtained as the expectation of the inverse Fourier Transform
applied to all complex transfer functions and averaged over
all Tx antennas. It can be observed numerous MPC for which
the delay positions and relative gains nearly correspond
between the different users with some differences. For this
scenario, the first component (LOS) and the last component
contributing to the overall channel energy are separated by
nearly 35 ns (distance difference of ∼10.5 meters). This
shows that the dynamic range of the system is sufficient to
collect high-order MPC contributing to the radio channel
even in this frequency range.

Nonetheless, this result is misleading because the aver-
aging process is performed over antennas spanning a
wide surface area compared to λ such that spatial sta-
tionarity is not fulfilled. Hence, geometrical parameters
cannot be estimated with high-resolution estimators like
SAGE [35] or RiMAX [36]. It follows each Tx-Rx link must
be individually investigated to extract meaningful parameters
in the context of massiveMIMO. For instance, it is interesting
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FIGURE 4. Ecdf of the LOS received gain for all scenarios and noise.

to assess the distribution of the Rice factor K , but the number
of MPC N observed in the radio channel must be evaluated
prior Eq. (1). A specular propagation path is defined as a
distinguishable peak in the PDP between the Tx and the Rx.
The analysis is performed by counting all identified MPC
(LOS and NLOS) within a certain threshold with respect
to the maximum gain of the PDP (i.e. LOS). The empirical
cumulative distribution function (ecdf) of the LOS relative
received gain and mean noise level are presented in Fig. 4 for
all three scenarios for a given Rx user. An average value of
≈−125 dB was computed for the noise level from all PDPs.
It is concluded from this figure that the difference between
the LOS relative gain and mean noise level is always greater
than 20 dB for any scenarios. Hence, a 20 dB threshold was
selected to compute N. The counting process is illustrated
in Fig. 5 for one of the far scenario Tx-Rx link. Also, in order
to only identify the peaks considered to contribute to the
radio channel, a sliding window analysis was locally applied
at each point to avoid the overestimation of N due to the
inverse Fourier transform filtering effects. For each delay
point, the corresponding relative gain is compared with the
one from the previous and next point. The used value for the
comparison is 0.8 dB and was empirically obtained from the
data.

Figure 6 presents the ecdf of the number of NLOS MPC
averaged over all users for the three investigated scenarios
and demonstrates the radio channel wealth in terms of scat-
tering components. The distribution and shape of the number
of NLOS MPC is clearly dependent on the scenario. For
instance, the median value increases from 5-6 to 20 com-
ponents with the Tx-Rx distance and the values are also
more spread. It is observed from the measurements that the
decrease of the LOS gain with the Tx-Rx distance is faster
than for the NLOS components. Hence, more NLOS MPC
appear within the selected threshold. For instance, the ecdf
of the NLOS MPC is also presented in Fig. 6. In addi-
tion, the number of NLOS MPC are less spread for the
close and center scenario compared with the far scenario

FIGURE 5. Example of measured PDP and selected MPC with a 20 dB
threshold for the far scenario.

FIGURE 6. Number of NLOS MPC averaged over all rx users for all
scenarios with a 20 dB threshold.

(between 1 and 14, 5 and 32, 9 and 55 for the close, center, and
far scenario, respectively). This effect could be due to a higher
order of reflection for the far scenarios thus generating more
specular and diffuse components contributing to the channel
power and resulting in larger delay spread values.

Figure 7 presents the ecdf of K for the 3 scenarios and for
Rx user 3. The number of NLOS MPC was selected from
the previous analysis using a 20 dB threshold. Choosing one
receiver position does not change the results because all users
share similar behaviors on a large scale. The data show that
small K values (faded LOS) are obtained for large Tx-Rx
distances (center and far) whereas large values (strong LOS)
are obtained for the close scenario. For a given scenario,
the results indicate spread K values thus highlighting the
diversity of the fading mechanisms between each Tx-Rx link.
This is particularly true for the close scenario where K values
vary between 0 to 20 dB. These results clarify the nature of the
massive MIMO radio channel with rich fading characteristics
even for a simple LOS condition. This could then be exploited
when it comes to the correlation notion.
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FIGURE 7. Ecdf of the Rice factor K (in dB) for all scenarios and Rx user 3
with a 20 dB threshold.

Figure 8(a) shows that ρinterij computed for the 3 scenarios
all perform nearly like Rayleigh channels; scenario which
provides the lowest ρinterij bound. Note that the 50 × 50
URA has been reshaped into a 2500-element row vector
to illustrate properly the correlation. Evidently, the larger
the number of antennas in the Tx array the more the ideal
i.i.d. case can be approached. Nonetheless, very satisfactory
results (ρinterij < 0.2) can be obtained with only 50 antennas
(∼ 7× 7 URA) and are promising if the deployment massive
MIMO is considered in this frequency range or even a lower
millimetric band.

Consequently, this shows that the degrees of freedom
are offered by the spatial diversity at Tx. This is further
investigated by analyzing the intracorrelation characteristics.
Figure 8(b) presents the intracorrelation factor ρintrakmref for the
3 scenarios and Rayleigh channels case. For each scenario,
ρintrakmref is computed with respect to all possible 2500 reference
antenna positions. The curves corresponding to the fastest
ρintrakmref decrease (lower bound - LB) and slowest decrease
(upper bound - UB) are presented. These two curves illustrate
the worst and best case scenario depending on the selected
reference antenna. In contrast with ρinterij , the ρintrakmref values
are larger than for Rayleigh channels as expected due to the
heterogeneous nature of the Tx-Rx fading distribution dis-
cussed previously. It is observed that the difference between
the LB and UB curve decreases as the Tx is moved away
from the Rx users. For the close scenario, a strong Rice
component has been observed in Fig. 7 which could result
in a stronger correlation between the studied user channel
vectors. However, the LB curve suggests that the vectors are
sufficiently decorrelated by choosing the adequate reference
antenna. In other words, different intracorrelation behavior
and statistics could be obtained whether the selected antenna
experiences small or large K values. For the Far scenario,
the LB and UB curves are rather similar due to the dominance
of small K values at the level of most reference antennas.
It is interesting to mention that the large number of antennas
ensures that all curves asymptotically converge towards the

FIGURE 8. (a) Intercorrelation between the 4 users and
(b) intracorrelation for user 1. The Rayleigh channel (i.i.d.) curve is plotted
for the sake of comparison.

Rayleigh channels case. Finally, these results support the fact
that strong intracorrelation is not a prerequisite to obtain low
intercorrelation values. This is an important finding of this
work which enables massive MIMO in this frequency range
even under LOS conditions.

Although the results brought by Fig. 8(b) are interest-
ing for channel modeling purposes, they are not satisfy-
ing to understand the intra-intercorrelation relationship and
a deeper analysis is required. To this end, the correlation
concepts developed in this work were also applied to the
phase and module (amplitude). It is expected strong phase
variations compared to the amplitude in this frequency range.
However, it is rather original to quantitatively investigate their
respective contribution to the intercorrelation:

hkmf = |hkmf | · ejθkmf , (9)

where |hkmf | and θkmf are the module and phase of the com-
plex massive MIMO transfer function, respectively.

First, Fig. 9 presents the inter- and intracorrelation com-
puted strictly using |hkmf | instead of hkmf in Eqs. (2)-(4) for
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FIGURE 9. (a) Intercorrelation between the 4 users and
(b) intracorrelation of the channel vector modules for Rx user 1 computed
from |hkmf |. The Rayleigh channel curve is plotted for the sake of
comparison.

the studied and Rayleigh channel scenarios. For each sce-
nario, ρintrakmref is computed with respect to all possible 2500 ref-
erence antenna positions and only the curves corresponding
to the slowest ρintrakmref decrease (lower bound - LB) and fastest
decrease (upper bound - UB) are shown in Fig. 9(b). Intra-
and intercorrelation values greater than 0.8 are obtained indi-
cating that the module does not contribute much to the global
intercorrelation (Fig. 8(a)) even for the Rayleigh channel
case. In addition, it can be observed that the values computed
for the three scenarios are close to the ideal scenario and
get closer as Tx is moved away from the users. The latter
effect is attributed to the K values which are more distributed
resulting in additional decorrelation. These results are in
complete contrast with those presented in Fig. 10 from the
computation of the intra- and intercorrelation using the phase
under the same conditions. For instance, the ρinterij values are
in excellent agreement with Fig. 8(a) for all studied cases

FIGURE 10. (a) Intercorrelation between the 4 users and
(b) intracorrelation of the channel vector phases for Rx user 1 computed
from θkmf . The Rayleigh channel curve is plotted for the sake of
comparison.

and are attributed to the low ρintrakmref values (Fig. 8(b)). Hence,
it can be safely concluded from this analysis that the low
phase intracorrelation values (at Tx side) underlining strong
phase variations is the major contributor of the decorrelation
between users for the investigated mmW frequency range.
It follows the fading distributions are not necessarily the best
approach to evaluate the massive MIMO performance on a
large-scale since the module contribution, despite the fading
diversity, to the intercorrelation is marginal.

A. POWER TO INTERFERENCE RATIO AND
CONDITION NUMBER
Here, the condition number κ and power to interference ratio
γ (G) have been computed as a function of the number of
increasing activated Tx antennas from 1 to M = 50 × 50.
First, Fig. 11 presents the ecdf of κ averaged over all users and
frequency bins for the investigated scenarios and Rayleigh
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TABLE 2. Correlation parameters of massive MIMO channel.

FIGURE 11. Ecdf of the condition number κ averaged over all Rx users
and frequency bins for the three scenarios and Rayleigh channel case.

channel case denoted by i.i.d. in the different figures. The
κ values are very close to the ideal case for the far and
center scenarios but deviate as the Tx is moved closer to Rx.
Nonetheless, since most of the κ values are close to 1 and
less than 1.5, it can be safely assumed that all Rx users
are spatially uncorrelated. Evidently, for κ values close to
1, the power could be equally distributed among Rx users
and same capacity could be reached within the same time-
frequency slot. Also, since the interference between users is
marginal, the system architecture complexity (notably at the
Rx side) could be considerably reduced.

In contrast, for large κ values, only a subset of the
Rx users receive most of the power as they experience dif-
ferent propagation channels and the others interfere with
each other. For those cases, the condition number is not
enough to quantify the spatial separation between users and

the knowledge or partial knowledge of the channel state
information (CSI) becomes critical to optimize the capacity
allocation among Rx users. Since all κ values reported in
this work are too small to fall into this category, a thorough
discussion on the capacity is outside of the scope of this paper.
Here, it could be argued that the condition number is a good
macroscopic indicator to describe the overall intercorrelation.

It can be observed that for all scenarios, approximately 90
% of the condition number values are between 1.1 and 1.5 and
only a very small percentage of values is greater than 1.5.
These values, even for the Far scenario, illustrate the channel
hardening aspect which is a phenomenon that occurs when
the number of base stations and number of single-antenna
users increase leading to a nearly diagonal correlation matrix.
This concept is detailed in [37].

Finally, Fig. 12 presents the power to interference ratio
γ (G) averaged over all users and frequency points for the
investigated scenarios and Rayleigh channel case. For the
ideal Rayleigh channel case (γ (G) ≈ 1), the electromag-
netic energy focusing toward each of the Rx users is optimal
without any interference from other users (i.e. the signal to
interference plus noise ratio (SINR) is maximized). In other
words, Rx users are spatially uncorrelated. The results show
the excellent behavior of the massive MIMO configura-
tion for the three investigated scenarios with respect to the
Rayleigh channel case. It can also be observed that electro-
magnetic energy focusing is best for the close scenario but
still very good for the center and far scenarios. Consequently,
these results agree well with those obtained from the inter-
correlation and κ study for the studied scenarios. However,
in comparison with κ , γ (G) provides additional information
about the interference between users which could impact the
SINR and degrade the system performance. In addition, it can
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FIGURE 12. Ecdf of the power to interference ratio γ (G) averaged over all
Rx users frequency bins for the three scenarios and Rayleigh channel
case.

be observed in Fig. 12 for the Close scenario that the curve is
very close to the Rayleigh channel (i.i.d.) case. For the Center
and Far scenario, more than 95% of the values are close
to 1. This results confirms the previous observation on the
condition number proving that the mmW channel provides
limited interference between users.

Table 2 presents a summary of the intercorrelation and
LB/UB intracorrelation metric values obtained for a 50× 50,
25 × 25, 12 × 12 and 7 × 7 array and for all investigated
scenarios as well as the reference Rayleigh channel case.
The phase and module correlation values are also included to
highlight the phase decorrelation processes. This table clearly
shows the many benefits of the application of massive MIMO
in mmW frequency bands even with small arrays.

V. CONCLUSION
In this work, realistic massive MIMO measurements were
performed at 94 GHz over a 3 GHz bandwidth with a large
50 × 50 URA for Tx and a 4-element ULA for Rx under
three different LOS scenarios. Most of the mmW massive
MIMO system advantages can be provided in the investigated
scenarios despite the strong Rice propagation characteristics.
The number of NLOSMPC contributing to the radio channel
as well as the Rice K-factor have been characterized and
demonstrate the complexity of the fading properties between
the Tx array and Rx users.

The intracorrelation describing the correlation between
channel vectors for a given user have been introduced. This
notion is a preliminary effort to understand the mechanisms
responsible of the spatial decorrelation between Rx users.
This orthogonality is assessed in this work by a discussion
on the intercorrelation, condition number, or even power to
interference ratio.

The results demonstrate without ambiguity the capability
of massive MIMO systems in this frequency range to reach
orthogonal Tx-Rx streams even for a reduced massive array
subset in a Rician environment. In our case, a 7× 7 compact
array of ∼ 6 cm × 6 cm (∼ 21λ × 21λ) is sufficient to

obtain intercorrelation values well below 0.2 meaning very
good spatial separation of the 4 users. Furthermore, it is
shown that the channel phase variation at Tx side is the main
contributor of the decorrelation between users. This result
must be further investigated to deepen the comprehension of
the decorrelation mechanisms in different frequency bands.
Finally, the notion of intracorrelation and its dependence on
the reference antenna element was observed as an impor-
tant indicator for antenna allocation strategies and precoding
schemes in the context of massive MIMO.
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