IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

SPECIAL SECTION ON ANTENNA AND PROPAGATION FOR 5G AND BEYOND

Received May 31, 2019, accepted July 2, 2019, date of publication July 12, 2019, date of current version July 31, 2019.

Digital Object Identifier 10.1109/ACCESS.2019.2928421

Empirical Characterization of the Indoor Radio
Channel for Array Antenna Systems in
the 3 to 4 GHz Frequency Band

JESUS R. PEREZ"“?, RAFAEL P. TORRES', LORENZO RUBIO"“2, (Member, IEEE),
JOSE BASTERRECHEA', (Member, IEEE), MARTA DOMINGO’,
VICENT MIQUEL RODRIGO PENARROCHA“2, AND JUAN REIG"“2, (Member, IEEE)

! Department of Communications Engineering, Universidad de Cantabria, 39005 Santander, Spain
2Institute of Telecommunications and Multimedia Applications, Universitat Politécnica de Valéncia, 46022 Valencia, Spain

Corresponding author: Jests R. Pérez (jesusramon.perez@unican.es)

This work was supported by the Spanish Ministerio de Economia, Industria y Competitividad under Project TEC2017-86779-C2-1-R and
Project TEC2017-86779-C2-2-R.

ABSTRACT Concerning the design and planning of new radio interfaces for the fifth-generation (5G)
systems, this paper presents a useful contribution to the characterization of the wideband indoor radio channel
in the 3—4-GHz frequency band. A measurement campaign has been carried out in two different indoor
scenarios to analyze some of the most important wideband parameters of the propagation channel, including
a thorough analysis of its behavior to meet the new radio technology challenges. The channel measurement
setup consists of a virtual vertical uniform array at the receiver side of the link that remains at a fixed position,
whereas the transmitter side, which is equipped with a single antenna, is placed at different positions in the
environment under analysis. The measurement setup emulates the up-link of a multi-user multiple-input
multiple-output (MIMO) system and allows obtaining the broadband parameters of the multiple channels
that are established between the transmitter and each one of the antennas of the receiver array. The results
and conclusions about the path loss, temporal dispersion, and coherence bandwidth are included, along with
an analysis of the spatial correlation between wideband channels when one of the antennas is an array.

INDEX TERMS 5G mobile communication, frequency selectivity, massive MIMO, path loss, spatial
correlation, temporal dispersion, wideband communications.

I. INTRODUCTION
Since the arrival of the first digital networks to the present
day, there has been an unprecedented growth in the demand
for mobile services, which is sure to continue and speed
up in the next decade. To provide such services and new
applications with the required quality, the requirements for
future fifth-generation (5G) systems must achieve [1], [2]: an
increase in aggregate data rate, with peak speeds that must
multiply by a 1000 factor with regard to 4G networks; low
latency, less than 1 ms, compared with 10 ms for 4G; and a
high mobility, up to 500 km/h.

The aforementioned requirements will require major tech-
nological advances, among the most important of which
are [1], [2]: (i) ultra-dense cellular networks; (ii) an increase
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in spectral efficiency by combining beamforming tech-
niques and advanced massive multiple-input multiple-output
(MIMO) systems; and above all, (iii) an increase in band-
width. The increase in the available bandwidth is a key factor
and can only be achieved by releasing new bands at higher
frequencies.

The mobile industry, academic institutions and interna-
tional standards-making bodies are trying to determine the
most appropriate frequency bands in order to harmonize the
use of the spectrum. Currently, there is an agreement that
bands that lie in the 3.3 to 4.4 GHz range are the most
suitable for the initial SG deployments and many countries
have already reserved those bands to operate the 5G systems.
For example, in Europe the 3.4-3.8 GHz band is already
allocated to the deployment of such systems and in USA
the 3550-3700 MHz band has been allocated for spectrum
sharing [3].
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Historically, the thorough knowledge of the radio channel
has played an important role in the development and deploy-
ment of any new generation of mobile systems. Regarding the
radio channel models for the 5G systems analysis, they must
offer a complete 3D characterization of the channel, including
the angular spectra of the departure and arrival directions.
However, more usual parameters like the coherence band-
width and the correlation between channels take on a new
relevance in the context of massive MIMO [4], [5].

Over the last two decades, many propagation measure-
ments have been conducted in different environments at
frequencies below 6 GHz, e.g., at 900 MHz, 1.7 GHz,
2.4 GHz, 3.5 GHz, 4 GHz, 5.8 GHz, among others [6]-[9],
mainly related to cellular communications systems and the
deployment of wireless local area networks (WLAN) in
the industrial, scientific and medical (ISM) bands. In the
case of the 3.5 GHz frequency band, the research activ-
ities were initially focused on the characterization of the
indoor-to-outdoor (I20) environments, due to the fact that
this band was initially reserved for fixed-to-fixed (F2F) ser-
vices [10]-[13]. Relatively less attention has been paid to the
indoor channel in the 3 to 4 GHz frequency band. In fact,
most of the available research activities were focused on
the ultra-wideband (UWB) channel characterization from
3.1t0 10.6 GHz [14]-[16]. Moreover, there are several contri-
butions to the indoor channel modeling in this band concern-
ing the polarization effects [17], the time variant modeling of
the impulse response [18], [19], along with the contribution
of the diffuse scattering to the channel impulse response [20].

The recent interest in the 3.4-3.8 GHz frequency band for
the first deployments of future 5G systems has led to the study
of the propagation channel characteristics at 3.5 GHz and
adjacent bands. In [21], the authors compare the propagation
channel characteristics between the 3.5 GHz and 28 GHz
frequency bands in an indoor environment. In the framework
of the European mmMagic project, the frequency dependency
of the radio channel delay spread was investigated from
2 to 86 GHz [22]. The results based on channel measure-
ments in indoor, outdoor and 120 scenarios do not reveal
a clear frequency dependency. In contrast, the recent 3GPP
TR 38.901 channel model [23] for bands from 0.5 up to
100 GHz has established a frequency dependency in many
scenarios. Nevertheless, due to the interest in deploying the
first 5G systems in that frequency band, more measurements
are required to understand the main characteristics of the
propagation channel, especially considering the future use of
large arrays at base stations in the framework of multi-user
MIMO systems.

This work presents a contribution to the characterization of
the indoor channel from 3 to 4 GHz, including the results of
a wideband measurement campaign that allows conclusions
to be drawn on the path loss, temporal dispersion, frequency
selectivity and spatial correlation in MIMO configurations.
Section II describes both the measurement system and the
measurement environments. Section III presents a discussion
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of the results achieved and, finally, the main conclusions are
outlined in Section IV.

Il. MEASUREMENT METHODOLOGY

A. EXPERIMENTAL SETUP

The automated measurement system used to carry out the
channel measurements is shown in Fig. 1. The measurement
setup consists of a planar scanner along with a E8362A PNA
vector network analyzer (VNA), both remote controlled from
a computer through RS-232 and general purpose interface
bus (GPIB), respectively.

FIGURE 1. Detail of the measurement system.

Regarding the planar scanner, it consists of two servomo-
tors and two linear units, arranged in such a way that the
vertical one supports the antenna mast and is fixed on the
horizontal one and partially covered with pyramidal absorber
material. The scanner allows the user to move the omni-
directional wideband receiver antenna (Rx) on a vertical
plane, up to 1.38 m x 0.81 m in size. At each Rx position,
the VNA properly calibrated at both transmitter and receiver
radiofrequency cable ends, sends the computer the S»;-trace.
The post-processing of such information makes it possible to
obtain relevant information from the channel.

Concerning the settings considered in this work, the
3 to 4 GHz frequency band has been considered (equivalent
to a span of 1 GHz in the VNA), using 801 frequency points
(about 1.25 MHz uniformly spaced), resulting in a delay
time of 800 ns without aliasing. Furthermore, the transmitter
antenna (Tx) is placed on a teflon mast at a height of 1.48 m,
and the same height is considered at the center of the scanning
area for the Rx. Finally, for any of the Tx positions, the Rx
moves on a vertical local area consisting of 7 x 7 positions
(A/4 uniformly spaced at 3.5 GHz on both directions,
i.e., 21 mm), so this is a virtual vertical uniform rectangular
array (URA) with a 1.5A4 x 1.5A total scanning area.

From a practical point of view, it can be concluded that
the measurement system concentrates on the up-link, each
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FIGURE 2. Environment with details of Tx and Rx positions, dimensions in
meters. (a) 3D-view of the whole floor of the building. (b) Site 1 top view.
(c) Site 2 top view.

Tx represents the position of a potential user and the URA
a virtual MIMO array at the base station.

B. ENVIRONMENT DESCRIPTION
Measurements have been carried out in two different indoor
sites on one of the floors, 93 m x 52 m in size, of the
Ingenieria de Telecomunicacién *‘Profesor José Luis Garcia
Garcia” building at the University of Cantabria, depicted
in Fig. 2(a).

The first scenario is shown in Fig. 2(b) and includes some
offices, a long corridor with central columns and a computer
laboratory in which the Rx scanner is placed. The laboratory
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has PC desks and wooden bookshelves as well as metallic
bookshelves, the ones shown shadowed in gray. Moreover,
Fig. 2(b) also includes the distribution of the office furni-
ture in some nearby offices. The second environment, Site 2
shown in Fig. 2(c), is a meeting room with six rows of desks,
a board and chairs.

Regarding the materials of the building, it has indoor dry-
walls, concrete floors and ceiling boards, concrete columns,
as well as metallic doors. It is important to point out that in
Site 2 the rear wall consists of a one-meter thick concrete wall
and that the Rx is intentionally located between that wall and
the metallic front door. Furthermore, to guarantee stationary
conditions the measurement campaign has been carried out
at night with all the doors closed except for the laboratory’s
front door.

Finally, as shown in Fig. 2, different Tx positions have been
considered in order to analyze the wideband channel parame-
ters in both, line-of-sight (LOS) and non-LOS (NLOS) situa-
tions. A total of 19 Tx positions have been measured in Site 1,
in LOS and NLOS, and 6 positions in LOS conditions have
been measured in Site 2.

Ill. RESULTS

For the scenarios presented in Fig. 2, this section includes
the most representative results obtained in both LOS and
NLOS situations. First of all, a detailed analysis of the path
loss is presented. Moreover, results concerning the temporal
dispersion of the channel and its frequency selectivity are also
included and discussed. Finally, interesting results relating
the coherence bandwidth and the root-mean-square (RMS)
delay spread, as well as an analysis of the spatial correlation
of channels between the array elements, are also presented.

A. PATH LOSS

In the case of signals with large bandwidths, larger than the
coherence bandwidth of the channel, it is necessary to calcu-
late the path loss taking into account the frequency selectivity
of the channel. A generalization of the Friis formula for
the case of UWB signals is presented in [24], so for the
most general case of an arbitrary propagation environment,
an expression to calculate the losses in the frequency domain
(FD) can be obtained by using the Parseval’s theorem [25].
If we consider that h[n] is the channel impulse response
(CIR) measured at the receiver at N temporal samples, we can
define the channel path gain (PG), as:

_Pr_ N-1 2_ 1 N—-1 2
PG=r =2 Ml P =53 IHIKP (1)

where P, is the received power, P; is the transmitted power
normalized to the unit, and H[k] represents the complex
channel transfer function (CTF) at the receiver. According
to the measurement and calibration procedure that has been
followed, it is verified that:

H k] = S [k], (2)
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TABLE 1. Least squares linear regression path loss parameters and 95 % confidence intervals.

Environment Propagation v (Vosos)

PLy (PLyosy) R o(dB)

LOS
NLOS
LOS

1.81 (1.76-1.86)
1.69 (1.56-1.82)
115 (1.10-1.19)

Site 1

Site 2

4172 (41.41-42.04)
54.01 (52.64-55.36)
47.72 (47.36-48.08)

0.94
0.53
0.90

1.06
2.36
0.48

in which S71[k] is the scattering parameter of the k-th fre-
quency tone. The CTF also includes the antenna transfer
functions, which depend on their radiation patterns and gains.
In order to calculate the path loss, H can be corrected with the
gain of the antennas (g; and g,), as given in (3):

_ H [k] _ So1 [k]
Ve kg Tkl e [kl gr [k

Finally, the wideband path loss is obtained in the FD by the
following expression:

1
101og;q <E>
1 —N-1 |8y [k]]?
—10log, (ﬁ Zk:O m) ’ @

where N is the number of frequency samples measured.

A commonly accepted path loss model has been consid-
ered, so the mean path loss follows a potential law with the
distance and the path loss in dB at a distance d between Tx
and Rx is given by:

H'[k]

3

PL (dB)

PL (d) = PLy+ 10y log, <5—0) + Xo» 5
where PLj represents the path loss at a reference distance dj,
which is considered equal to 1 m. In addition, y is the path
loss exponent and . is a random variable with normal distri-
bution, with standard deviation o, which takes into account
the shadow fading, also named shadow factor (SF).

Fig. 3 shows the path loss as a function of the Tx-Rx
distance for both Site 1 (Fig. 3(a)) and Site 2 (Fig. 3(b)),
representing the values obtained at any of the 49 array mea-
surement points of the receiver URA for every Tx location.
Fig. 3(a) includes the losses for both LOS (Tx 1-7) as well as
NLOS (Tx 8-19) for well differentiated situations. Moreover,
the results in Fig. 3(b) are associated with Tx 1-6, all under
LOS condition. Furthermore, Fig. 3 also shows the straight
line obtained by the least squares (LS) linear regression fitting
of the path loss values as well as the reference wideband free
space (WB Free Space) path loss [24]. According to the path
loss law given by (5), Table 1 summarizes the parameters
obtained by the LS linear regression fitting for both scenarios,
the 95% confidence interval, the coefficient of determination,
R2, and the standard deviation or SF, .

Focusing on the results at Site 1 and for those Tx-Rx
situations under LOS condition, losses are below the WB Free
Space value; in fact, a path loss exponent y lower than 2 is
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FIGURE 3. Path loss in terms of Tx-Rx distance. (a) Site 1. (b) Site 2.

obtained, similar to other results already reported in the litera-
ture for indoor environments in the UWB band [14], [15], and
in particular at 3.5 GHz, where a y of 1.55 has been measured
in [21]. Moreover, a coefficient of determination close to
one and a narrow 95% confidence interval are obtained. For
the NLOS Tx at Site 1, path loss values greater than those
obtained in free space are obtained. Despite the fact that y
is also less than 2, the PLy value (54.01 dB) is about 12 dB
higher than the one obtained in the LOS case.

Furthermore, in the NLOS Tx at Site 1 a lower coeffi-
cient of determination (0.53) is obtained which, along with
a larger variance of the data, reflect a greater dispersion of
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the loss values than in the LOS case. This fact shows that the
losses in NLOS situations are more dependent on the specific
conditions of propagation than in LOS ones, that is, on the
number and characteristics of the elements that obstruct the
path between the Tx and Rx. As a comparison with other
works, in [21] a path loss exponent of 2.96 was measured in
NLOS at 3.5 GHz, but with a lower PLy equal to 35.1 dB.
Also, a SF equal to 2.8 dB was derived in NLOS, very close
to the one obtained here, 2.36 dB.

Regarding Fig. 3(b) and Site 2 LOS results, the path loss
values obtained present a different behavior from the ones at
Site 1, as the propagation losses decrease very slowly with
distance, obtaining a y of 1.15. This value can be explained
by the particular characteristics of this environment. The con-
crete ceiling and bottom wall as well as the large and metallic
front door, give rise to multiple reflections that reach the Rx
with high power, resulting in a signal concentration inside the
room. These multiple reflections are revealed when analyzing
the power delay profile (PDP) and they impact significantly
on the RMS delay spread and coherence bandwidth values,
as presented in the following subsections.

B. TEMPORAL DISPERSION: RMS DELAY SPREAD

The temporal dispersion caused by the channel over the
transmitted signals influences the performance of a wideband
communication system. The PDP is the fundamental function
from which parameters such as the mean delay and RMS
delay spread are calculated. Moreover, the autocorrelation
function of the channel in the FD and thus, the frequency
selectivity of the channel that is quantified through the coher-
ence bandwidth at different levels of correlation, heavily
depend on the aforementioned PDP.

The CIR can be obtained by applying the inverse discrete
Fourier transform (IDFT) to the measured transfer function
H k] that consists of 801 equidistant tones on the 1 GHz fre-
quency span. The measured CTF was previously windowed
with a Hanning window, W [k] in (6), in order to reduce side-
lobe levels prior to obtain the time-domain impulse response.
Finally, the PDP is obtained from h[n] as P[n]= |h[n] |2.

1 N—1 2

hinl = — Zk:() W [k] H [k] exp <]an>. (6)
Typical normalized PDP for both Site 1 (LOS and NLOS
situations) and Site 2 (LOS) are shown in Fig. 4. At Site 1,
from the LOS Tx 3 PDP, the time of arrival of the direct
path as well as some reflection components from the walls,
ceiling and floor, can be clearly identified; and the maximum
excess delay for a threshold (TH) level of 30 dB is 67 ns.
Moreover, the NLOS Tx 12 PDP shown in Fig. 4 represents
a strong NLOS situation in which the direct path is clearly
obstructed. In this case, the contribution associated to the
maximum of the PDP is received several ns later than the
one associated with the direct path and the maximum excess
delay for the 30 dB TH reaches 175 ns, resulting in a more
dispersive channel. Finally, the lower graph in Fig. 4 shows
the PDP obtained for Tx 5 in Site 2, under LOS conditions.
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FIGURE 4. Representative power delay profiles for both environments.

As a result of the characteristics already outlined for this
particular environment, successive maxima with high power
levels can be observed through time. These maxima are
clearly identified with the interaction via multiple reflections
between the walls, floor, ceiling and the front door. In this
case, the maximum excess delay reaches 140 ns, close to
the Site 1 Tx 5 NLOS value and more than twice the value
obtained for Tx 3 LOS at Site 1; giving rise to a highly
dispersive channel.

The RMS delay spread is the statistical parameter obtained
from the PDP that best describes the signal dispersion caused
by the channel. It is calculated as the square root of the second
central moment considering the PDP as a statistical distri-
bution of the power associated with each delay, given as
follows [26]:

YN (m—-1)? Plnl

TRMS = (N
Yaoi Plnl
where 7, is the n-th excess delay time and 7 is given by:
N
_L—, — Zn:] Tn P [n] . (8)

Yoy Pln]

Fig. 5 shows the RMS delay spread against distance for
both scenarios. In Fig. 5(a), the results for Site 1 including
LOS and NLOS values are depicted, and it can be observed
that the RMS delay spread values obtained for the NLOS Tx
locations undergo a greater dispersion than for the LOS ones.
Moreover, Fig. 5(b) shows the results for Site 2 and, despite
the fact that all Tx are in LOS locations, it is interesting to note
that the RMS delay values are quite high, comparable to those
obtained in NLOS at Site 1. This behavior is explained by the
multipath richness in this environment, due to its geometric
configuration and the lack of furniture. As aforementioned,
the PDP for Tx at Site 2 shows how the multiple reflections
reach the receiver with broadly high powers even with high
delay times.
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FIGURE 5. RMS delay spread in terms of Tx-Rx distance. (a) Site 1.
(b) site 2.

A comparison between the overall behavior of the RMS
delay spread in LOS and NLOS situations is obtained through
the cumulative distribution functions (CDFs) that are shown
in Fig. 6. At Site 1 the RMS delay spread varies from
4.5 to 21.5 ns for LOS Tx locations; whereas for the NLOS
ones it ranges from 17.3 to 43.4 ns. At Site 2 the RMS delay
spread varies from 17.9 to 34.5 ns, a range similar to the
NLOS at Site 1. It is worth noting that other results published
in the literature show similar differences between LOS and
NLOS in frequency bands close to 3 and 4 GHz. Thus, in [8]
values of RMS delay spread ranging from 5.4 and 14.9 ns
were derived at 2.4 GHz in LOS conditions for indoor office
environments, whereas the values in NLOS were higher,
ranging from 8.8 to 23.1 ns. In the same indoor environment,
the value of RMS delay spread ranges from 7.9 to 18.0 ns
and from 10.6 to 23.6 ns at 4.75 GHz in LOS and NLOS
conditions, respectively.

In [6] the value of the RMS delay spread oscillates
from 22.19 and 30.55 ns in LOS conditions at 2.4 GHz.
Nevertheless, the values reported in [21] at 3.5 GHz show no
appreciable differences between LOS and NLOS conditions,
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FIGURE 6. CDF of the RMS delay spread for both environments.

and values from 20 up to 70 ns were derived in indoor
environments. It is also interesting to highlight that the results
reported in [21] establish a growing trend of the RMS delay
spread with the distance at 3.5 GHz, in a similar way to the
results derived in our work.

C. FREQUENCY SELECTIVITY: COHERENCE BANDWIDTH
The temporal dispersion produced by the channel gives rise to
its frequency selectivity. For wide-sense stationary uncorre-
lated scattering (WSSUS) channels, the frequency correlation
function, denoted by Ryy [¢], can be obtained by means of the
Fourier transform of the PDP [26]:

- 2
Ranlgl =Y Ihinl P exp (—jﬁnnq). ©

The correlation function is usually normalized by
Z;VZ_OI |h[n] | in order to obtain a maximum value of one
for the zero lag (¢ =0). From the correlation function,
the coherence bandwidths (B¢) for different correlation levels
are obtained [26].

Fig. 7 shows the B¢ obtained at Site 1 for both LOS
and NLOS locations, and for correlation levels of 0.5, 0.7
and 0.9. For most of the Tx, it can be observed that there
is a significant dispersion among the B¢ values achieved at
the Rx positions inside the URA, although this dispersion is
considerably smaller for the B¢ (0.9). This fact is common
for LOS and NLOS Tx, although the range of variation for
the NLOS ones is smaller. Concerning Site 2, Fig. 8 shows
the B¢ values obtained for the same correlation levels and
for the whole set of Tx positions. Again, the results show a
great variability of the B¢ within the URA, with a range of
variation similar to the NLOS case at Site 1.

A global overview of the behavior of the B¢ in the mea-
sured environments can be obtained through the CDFs. From
Fig. 9 and focusing on the CDFs for Site 1, we can observe
a usual behavior, so B¢ values are always greater for LOS
than NLOS locations. Moreover, high B¢ values (for any level
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FIGURE 7. Coherence bandwidth for different correlation levels at Site 1.
(a) LOS positions. (b) NLOS positions.

FIGURE 8. Coherence bandwidth for different correlation levels at Site 2.

of correlation) are also more likely in LOS than in NLOS
situations. However, it is important to note that in the lower
tails of the CDFs, a convergence occurs, so the B¢ values
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FIGURE 9. CDF of the coherence bandwidth for both environments and
different correlation factors. (a) B¢ (0.5). (b) B¢ (0.7). (c) B¢ (0.9).

that are exceeded in 90% of locations are relatively close
in both situations, LOS and NLOS. For instance, for the
representative B¢ (0.7), it is observed that the B¢ exceeded
by 90% is 8.8 MHz for LOS compared to 4.6 MHz
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FIGURE 10. Relationship between B¢ and 73y,s for both environments and different correlation factors. (a) B¢ (0.5). (b) B¢ (0.7). (c) B¢ (0.9).

for NLOS situations. This fact contrasts with the maximum
values achievable in both cases, less than 20 MHz for NLOS
in comparison with the 190 MHz for LOS. Regarding Site 2
results, it can be stated that the B¢ behavior is between
previous LOS and NLOS obtained at Site 1. For instance, for
B¢ (0.9), the CDF practically coincides with that obtained for
NLOS at Site 1. This fact shows that, in indoor environments,
the strict classification between LOS and NLOS situations is
not as clear as that which occurs outdoors and it makes the
specificities of the propagation environment become relevant.

D. RELATIONSHIP BETWEEN B¢ AND

THE RMS DELAY SPREAD

The relationship between the B¢ and the RMS delay spread
has both practical as well as theoretical relevance and, in fact,
has received a lot of attention since the initial contribu-
tion of Gans [27] to the present [28]. The relationship
between the PDP and the autocorrelation function through the
Fourier transform involves an inverse relationship between
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the two parameters. Gans proposed a simple relationship,
B¢ = 1/trys, where the parameter o depends on the shape
of the PDP and the degree of correlation that defines B¢ [27].
The most significant contributions in order to determine « are
summarized in [29].

Fig. 10 shows the results obtained from the measured
pairs (tgys (ns), Bc(MHz)) at sites 1 and 2 and for the
correlation levels considered, i.e., 0.5, 0.7 and 0.9. In [30]
a model following the form B¢ (MHz) = « IR]gS (ns) was
proposed and, in order to obtain the parameters « and S,
a logarithmic transformation of the equation is performed to
obtain a linear relationship that was subsequently fitted using
LS. Table 2 summarizes the values of the parameters « and
obtained for each site and correlation level.

It can be observed that the determination coefficient
for a correlation level of 0.5 takes lower values than for
0.7 and 0.9 levels, concluding that for such a value (0.5) the
model does not completely match the relationship between
Bc and trys. This fact could be expected just by observing in
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TABLE 2. Parameters o, $ , their 95 % confidence intervals and the R? coefficient.

Environment Propagation Correlation level a (0 9s05) B (Bosw) R?
0.5 8.2:10° (4.9-10%-13.7-10%) 1.75 (1.55-1.96) 0.46
LOS 0.7 8.9-10% (6.7-103-11.8:10°%) 2.36 (2.25-2.47) 0.83
) 0.9 213.32 (197.72-230.12) 1.37 (1.34-1.40) 0.96
site 0.5 4.0-10° (2.8:10°-5.7-10%) 1.79 (1.69-1.89) 0.66
NLOS 0.7 458.04 (389.04-539.51) 1.31(1.26-1.36) 0.82
0.9 83.56 (79.61-87.50) 1.03 (1.01-1.04) 0.97
0.5 3.8:10'(0.4-10'°-38.9-10'7) 6.34 (5.63-7.04) 0.52
Site 2 LOS 0.7 8.4-10* (3.2-10*-22.2:10%) 2.82(2.52-3.12) 0.55
0.9 142.89 (136.14-150.31) 1.19 (1.17-1.20) 0.99
Fig. 10(a) the high dispersion that the measured values of B¢
(0.5) exhibit in all the environments. In Fig. 10, Fleury’s con-
finement boundary [31] is also represented using a solid line
as areference, showing that all measured pairs (trys, Bc) are
above that boundary, as corresponds with WSSUS channels.
E. SPATIAL CORRELATION OF
MULTI-ELEMENT CHANNELS (a)
The measurements of the channel in the 7x7 URA make it
possible to obtain the spatial correlation between the 49 exist-
ing channels established between the Tx and the 49 Rx
positions.
If we consider Hpylk] to be the transfer function of the
channel established between the Tx and the (p, ¢) Rx, then the
correlation matrix of the channel will have 49 x49 elements
calculated as follows, ®)

E{Hpgtiz} - E (Hyg) E 7]

OH,,OHjj

Ppg = {Hpa: Hi) = (10)
where E{.} is the expected value operating over the fre-
quency, and op,, is the standard deviation of the (p, q)
channel.

Fig. 11 shows two examples of the correlation matrices
achieved as a function of the index of antenna position
(IoAP), for both a typical LOS as well as a NLOS Tx.
In Fig. 11(a), for the LOS case, it is observed how the coef-
ficients of correlation take a value of 1.0 on the diagonal and
how they decay as the distance between the Rx increases.
Relatively high correlation values are observed: 0.97 for
channels associated with antennas located at contiguous posi-
tions on the array (A/4 separated at the central frequency).

Values of correlation lower than 0.7 correspond with anten-
nas separated by more than one wavelength. The comparison
with the results obtained in Fig. 11(b) for the NLOS case
clearly shows a lower correlation between the channels and
a faster reduction of the correlation levels with the distance
between the antennas.

To obtain a description of the global behavior of the corre-
lation between antennas in each measurement environment,
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FIGURE 11. Example of correlation matrixes of the 7x7 channels as a
function of the 10AP. (a) LOS Tx 4 at Site 2. (b) NLOS Tx 16 at Site 1.

and to be able to have an overall vision of how the correla-
tion changes with the distance between the array antennas,
we propose to calculate two mean correlation coefficients:
one according to the horizontal coordinate of the array (og),
and the other one on the vertical direction (py). To calculate
on we take as reference the first antenna of each row of
the array and calculate the correlation with the rest of the
antennas of its row. This is repeated for each row of the
array and we calculate its average value. For the calculation
of py the same procedure is followed by changing rows for
columns. Both procedures are mathematically represented by

1 7
pH(q)=5Zp:1(H,,,1,HM) g=1,2,...,7. (11)

1 7
pv(p)z;szl(Hl,q,HM) p=1,2...7 (12

This calculation can be repeated for each Tx at each prop-
agation environment considered. In this sense, Fig. 12 shows
the result obtained for both Site 1 (LOS and NLOS) and
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FIGURE 12. Correlation coefficients of the channels as a function of the
10AP in both horizontal and vertical directions. (a) Site 1-LOS. (b) Site
1-NLOS. (c) Site 2-LOS.

Site 2 (LOS). The mean values as well as the standard devi-
ation have been plotted. It can be observed that, in general,
the levels of correlation decrease slowly with the distance
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between antennas, although that decrease is faster when we
move along the vertical axis.

If we compare the LOS (Fig. 12(a) and (c)) with the NLOS
situations (Fig. 12(b)), it is observed that the correlation
decreases more rapidly in the NLOS situations.

If we define the correlation distance as the one from which
the mean correlation coefficient drops below a value of 0.7,
we can affirm that in the LOS situations this is not practically
reached until the end of the array (1.5 A) for the horizontal
direction, being of the order of (A/2) in the vertical direc-
tion. In the NLOS case these distances are of the order of
(3A/4) and (A/4) for the horizontal and vertical directions
respectively. Correlation distances of similar values have
been found in indoor environments of similar configurations
in nearby frequency bands (2 GHz) [32].

IV. CONCLUSION

The results presented in this paper provide a reference for the
design and deployments of future wireless communication
systems. From the analysis of the channel measurements,
the following conclusions can be drawn:

- Regarding the path loss, the fitting by means of LS of a
potential law offers values of the path loss exponents lower
than two, in agreement with the values obtained by other
authors in nearby frequency bands. A high variance of the
data due to shadow fading is observed, especially in NLOS.
This dispersion of the path loss values occurs even for the
different URA antennas.

- The behavior of the RMS delay spread is different in
the two considered environments. In Site 1 the behavior is
typical, obtaining lower RMS delay spread values in the LOS
positions than in NLOS. However, it is interesting to note that
at Site 2 the RMS delay spread varies in a range similar to the
NLOS at Site 1. This behavior is explained by the multipath
richness that occurs in this environment, due to its geometric
configuration and the lack of furniture.

- The coherence bandwidth has been analyzed for different
correlation levels. As is usually observed in the literature,
the B¢ values obtained are always greater for LOS than
NLOS locations. However, it is important to note that in the
lower tails of the CDFs, a convergence occurs, so the B¢
values that are exceeded in 90% of locations are relatively
close in both situations, LOS and NLOS.

It is important to notice the great variability that the B¢
exhibits in different propagation environments and for the
different URA antennas. Taking into account the importance
of the B¢ in the definition of the time/frequency coherence
block in the time division duplex operation (TDD) scheme of
massive MIMO systems, which determines the overload due
to the estimation of the state of the channel, it will be very
important to consider this variability and also determine the
degree of coherence necessary to guarantee the efficiency of
the signal processing in massive MIMO schemes.

- Regarding the relationship between the RMS delay
spread and the coherence bandwidth, the values comply
with the theoretical boundary established by Fleury for
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WSSUS channels. The relationship in the form B¢ = « tR_Afs
is largely fulfilled for the coherence bandwidth at the corre-
lation level of 0.9, obtaining a good fit of the experimental
values with the proposed model. As the level of correlation
with which we define the coherence bandwidth decreases,
i.e., 0.7 and 0.5, the suitability of the model is getting worse
due to the large dispersion of the coherence bandwidth values.

- The spatial correlation between the sub-channels that are
established between each Tx and the different Rx positions in
the URA shows a high correlation distance in both scenarios,
especially for LOS situations. It is noticeable that, in the
LOS situations and for the horizontal direction, a correlation
less than 0.7 is not practically reached until the end of the
array (1.5)). This slow variation of the correlation levels
with the distance between array antennas is similar to that
found in indoor environments in frequency bands close to
3 and 4 GHz.

To obtain a complete overview of the behavior of the
channel for multi-user MIMO systems, it is necessary to
determine the degree of orthogonality among the multiple
channels established between the different users and array
antenna elements. Currently, the authors are working on that
line with the data obtained from the measurement campaign
here presented.
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