
Received 30 August 2021; accepted 13 September 2021. Date of publication 16 September 2021; date of current version 24 September 2021.

Digital Object Identifier 10.1109/OJCOMS.2021.3113088

Experimental Exploration of Unlicensed Sub-GHz
Massive MIMO for Massive INTERNET-OF-THINGS

GILLES CALLEBAUT 1, SARA WILLHAMMAR 1,2 (Member, IEEE), ANDREA P. GUEVARA 1,

ANDERS J. JOHANSSON 2 (Member, IEEE), LIESBET VAN DER PERRE 1,2 (Member, IEEE),

AND FREDRIK TUFVESSON 2 (Fellow, IEEE)
1Department of Electrical Engineering, KU Leuven (Gent Campus), 9000 Gent, Belgium

2Department of Electrical and Information Technology, Lund University, 221 00 Lund, Sweden

CORRESPONDING AUTHOR: G. CALLEBAUT (e-mail: gilles.callebaut@kuleuven.be)

This work was supported by the European Union’s Horizon 2020 under Grant 732174

(ORCA Project) and Grant 731884 (IoF2020 Program—IoTrailer use case).

ABSTRACT IoT networks are getting overcrowded following the vast increase in number of Internet-
of-Things (IoT) devices and connections. Networks can be extended with more gateways, increasing the
number of supported devices. However, as investigated in this work, massive MIMO has the potential
to increase the number of simultaneous connections and moreover lower the energy expenditure of these
devices. We present a study of the channel characteristics of massive MIMO in the narrowband unlicensed
sub-GHz band. The goal is to support IoT applications with strict requirements in terms of number of
devices, power consumption, and reliability. The assessment is based on experimental measurements using
both a uniform linear and a rectangular array. Our study demonstrates and validates the advantages of
deploying massive MIMO gateways to serve IoT nodes. While the results are general, here we specifically
focus on static nodes. The array gain and channel hardening effect yield opportunities to lower the transmit
power of IoT nodes while also increasing reliability. The exploration confirms that exploiting large arrays
brings great opportunities to connect a massive number of IoT devices by separating the nodes in the
spatial domain. In addition, we give an outlook on how static IoT nodes could be scheduled based on
partial channel state information.

INDEX TERMS Channel measurements, low-power wide-area networks, massive MIMO, Internet-of-
Things, sub-GHz, test-bed and trials.

I. TOWARDS MASSIVE AND RELIABLE IOT: THE
POTENTIAL OF MULTIPLE ANTENNA SYSTEMS

INTERNET-OF-THINGS technology opens up a plethora
of new applications and services in various domains.

Examples include smart sustainable city services, precision
farming, environmental monitoring and efficient utilities.
These applications pose requirements on the wireless con-
nectivity beyond what is offered by current networks. In
particular, (i) the projected massive number of devices to
be supported, (ii) the stringent energy constraints of the
IoT nodes, and (iii) the need to establish reliable connec-
tions, ask for innovative wireless transmission approaches.
Low-Power Wide-Area Networks (LPWANs) operating in
unlicensed sub-GHz spectrum are of interest to many IoT

applications. They incur no or only a small subscription cost,
and the operation at relatively low frequencies offers good
coverage [1]. In this paper we study the potential of deploy-
ing multiple antenna systems to upgrade these LPWANs to
support future IoT services. We focus in particular on mas-
sive multiple-input and multiple-output (MIMO) technology
as it bears a great potential in view of the above listed
requirements:
1) It can support an unprecedented number of simultane-

ous connections through extensive spatial multiplexing.
2) It typically operates with low complexity single

antenna terminals. It allows to considerably reduce the
transmit power at the node side thanks to the significant
array gain at the base station side.
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3) It offers an increased reliability of the links due to the
experienced channel hardening effect.

New approaches and technologies need to be adopted to
accommodate the massive increase of IoT devices. In [2], the
authors use a maximum-likelihood strategy to decode two
colliding users based on an interference model. This tech-
nique further extends the amount of supported devices in the
network. Other work has considered diversity techniques to
improve IoT technologies. In [3] Snipe is introduced, which
is an IoT system deploying two antennas to coherently com-
bine the received signals at the gateway. Spatial diversity is
exploited in [4] by coherently combining weak signals of dif-
ferent gateways in the cloud. The system, Charm, improves
the range up to three times and the IoT battery-life fourfold.
Including multiple antennas at the gateway is also proposed
by [5], where this is theoretically analyzed. However,
the authors consider only commercially available hardware
and are therefore unable to use maximum ratio combin-
ing and are hence rather analyzing a selection combing
technique.
The potential benefits of massive MIMO for IoT have

been studied in theoretical work such as [6]–[12]. Yet,
whether this potential can be realized in real network deploy-
ments heavily relies on favorable characteristics of the radio
propagation channels [13], [14]. In particular, many stud-
ies have assumed independent and identically distributed
(i.i.d.) Rayleigh fading channels [5], [7], [12]. Measurement-
based studies have shown that the reality deviates from
this [15]–[17] and for example significant correlation is often
observed over the antennas in the array [16]. Consequently,
the channel hardening encountered is less pronounced than
predicted by the Rayleigh fading model [15]. Furthermore,
different array topologies have been considered as they each
favor different environments. For example, in [18] it is
demonstrated that an L-structured array outperforms both
the uniform linear array (ULA) and the uniform rectangu-
lar array (URA) configuration. Hence, they advocate to also
consider unconventional array structures.
Previous work has primarily focused on broadband trans-

mission technologies [12], [19]–[22]. As a novel contri-
bution, we study unlicensed narrowband low-power and
long-range communication. Unlicensed massive MIMO has
been studied in other work in the context of spectrum shar-
ing [23]. However, to the best of our knowledge, no studies
have reported on massive MIMO to support LPWANs.
While the results are generally applicable, we here focus

on communication tailored for IoT. This means that (i) a
narrowband signal is used, (ii) the carrier frequency is sub-
GHz, (iii) the number of gateway antennas are more limited
than in cellular networks and (iv) the nodes can be considered
static. As such, we consider 32 antenna elements and no
movement of the devices.
Whereas commonly the single-antenna device is denoted

as the user equipment (UE) in a massive MIMO or Long-
Term Evolution (LTE) context, in an Internet-of-Things
setting the term node or IoT node is used. As we study the

effects of massive MIMO in an Internet-of-Things setting, we
use the term node to depict the end-device or single-antenna
device.
In this paper, we assess the potential of deploying mas-

sive MIMO in the unlicensed sub-GHz band for upgraded
IoT connectivity based on the measured channel responses.
Thereto, we report on the experimental characterization of
narrowband sub-GHz channels with different array con-
figurations. The architecture and implementation of the
experimental test set-up is further elaborated on in [24].
More specifically, the antenna design and holders, the lim-
itations of operating in a license-exempt band and how it
is implemented is discussed. Furthermore, the experimen-
tal campaign is elaborated on and the raw open-source data
is referenced. Some first results are shown to evaluate the
experiment.
To summarize, our contributions reported on here are

(i) an analysis of channel propagation characteristics for large
antenna array systems1 and (ii) an assessment of massive
MIMO opportunities and challenges for IoT. We demon-
strate – based on the measurements – that the reliability and
the number of simultaneous connections can be increased.
Furthermore, the array gain can extend the coverage of the
base station or allows to reduce the transmit power of the
IoT devices. Despite the benefits, some challenges remain
such as relatively large antennas and arrays and sporadic
traffic that may result in a large overhead, requiring a new
set of massive MIMO-specific protocols.
This paper is further organized as follows. In the next

section, we introduce the system model and theoretic funda-
mentals. Section III introduces the measurement setup and
scenarios. In Section IV, we present the exploration and
assessment performed based on the experiments. Finally, in
Section V the main conclusions of this paper are summa-
rized and an outlook on future progress towards massive
MIMO-upgraded networks for future IoT is given.
Throughout the paper, vectors are denoted by boldface

lower case (x) and matrices by boldface capital letters (X).
The superscripts (·)T and (·)H are used to denote the trans-
pose and the conjugate transpose operations, respectively.
The absolute value is denoted by |·|, ‖·‖ denotes the �2
norm and ‖·‖F is the Frobenius norm or Euclidian norm.
The notations E{·} and V{·} denote the expectation and the
variance of a random variable, respectively. An overline,
e.g., x̄, indicates a normalized quantity. The eigenvalues of
a matrix are obtained by the operator λ(·). The optional sub-
scripts (·)min and (·)max are used to get the minimum and
maximum value. The set of complex numbers is denoted by
the symbol C.

II. SYSTEM MODEL AND THEORETIC FUNDAMENTALS
Channels: The channels are estimated for each base station
(BS) antenna at different node positions and for different

1. The collected data is available at: dramco.be/massive-mimo/
measurement-selector/#Sub-GHz.

2196 VOLUME 2, 2021



TABLE 1. Measurement setup.

frequency points and time instances. An overview of the
system parameters and used symbols can be found in Table 1.
The total number of antennas is denoted by M. The subscript
m specifies the antenna index. The total number of node
positions is denoted by K and a given position index by k.
As elaborated in [24], the channel is estimated over two
frequency points F at different time instances N, with f
and n denoting the frequency point and time instance index,
respectively. Consequently, a channel matrix for a position
k is expressed as Hk ∈ C

N×F×M . Note that the collected
channel includes both small-scale and large-scale fading, as
well as potential effects from the hardware and interfering
devices. As a baseline to compare our results, we use the i.i.d.
complex Gaussian channel, i.e., Rayleigh fading channel, as
commonly used in theoretical studies. This is modeled as a
complex random variable with zero mean and unit variance
of power (h ∼ CN(0, 1)).

Channel Estimation: The channel is estimated by send-
ing a unique pilot signal from each single-antenna device
to the base station. Each device sends a pilot signal at a
dedicated frequency, i.e., during the pilot phase all devices
use distinct frequencies. The BS can estimate the channel
response for each device at a specific location k based on
the a priori known pilot sequence. The estimated channel is
derived by correlating the complex conjugate of the pilot φ

with the received uplink signal y:

ĥk = yφH . (1)

The vector ĥk ∼ C
M denotes the estimated channel

response between the M antennas and the single-antenna
device at position k. For further analysis and readability, we
will be using the vector h to denote the estimated noisy
channel ĥ.
Normalization: The channel hk(n, f ) at each position k

is normalized such that the average channel gain over all
antennas, frequencies and snapshots is equal to one, i.e.,

∥
∥h̄k

∥
∥ = 1, i.e.,

h̄k(n, f ) = hk(n, f )
√

1
NFM

∑N
n=1

∑F
f=1

∑M
m=1

∣
∣hk,m(n, f )

∣
∣2

. (2)

Channel hardening: We assess the channel hardening as
a representative characteristics for the decrease of the fading
with increasing number of antennas, by which the channel
becomes more deterministic and the reliability of the link
improves. According to [25], a channel h̄k experiences more
channel hardening if

V

{∥
∥h̄k

∥
∥

2
}

E

{∥
∥h̄k

∥
∥

2
}2

→ 0, asM → ∞, (3)

where the variance and expectation is taken over the
frequency and time dimensions for a given position k. This
means that as the number of antennas increases, the varia-
tion of channel gain decreases. Here, the standard deviation
is considered, as is also done in [15]. This means that, for
a subset of M base station antennas and each position k,
the instantaneous channel gain, as dependent on time and
frequency, is defined as

Gk(n, f ) = 1

M

M
∑

m=1

∣
∣hk,m(n, f )

∣
∣
2
, (4)

resulting in an average channel gain for each position of

μk = 1

NF

N
∑

n=1

F
∑

f=1

Gk(n, f ) = 1, (5)

which no longer depends on the number of antennas at the
base station as we averaged with respect to all antennas M
and will be equal to 1 due to the normalization. Note, a
distinction is made between the channel gain and the array
gain. The channel gain is the squared absolute value of the
channel coefficient. In contrast, an array gain is here the sum
of the channel gains of each antenna relative to the channel
gain of a single antenna case. The array gain implies an
additional gain of having multiple antennas, i.e., an array.
Finally, the standard deviation of the channel gain at a

given position k can be computed as

σk =

√
√
√
√
√

1

NF

N
∑

n=1

F
∑

f=1

∣
∣Gk(n, f ) − μk

∣
∣
2
, (6)

which is used to quantify the channel hardening by taking the
difference between the complete set of base station antennas
and one base station antenna.
Correlation coefficient: To compare the channel cor-

relation between different channel pairs, the correlation
coefficient2 is studied. It is defined between two channel

2. To be complete, the correlation coefficient here defined is not the same
as the correlation coefficient usually used in statistics.
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vectors hi and hj as

δi,j(n, f ) =
∣
∣
∣h̄i(n, f )

H · h̄j(n, f )
∣
∣
∣

∥
∥h̄i(n, f )

∥
∥
∥
∥h̄j(n, f )

∥
∥
, (7)

where the channels are normalized according to (2). The
correlation coefficient is estimated by picking two random
measurement locations (i and j). From these locations, we
select one random snapshot (n) and frequency point (f )
and use these channel vectors to compute the correlation
coefficient. The correlation coefficient depicts the antenna-
averaged channel correlation between two channel instances.
In case of uncorrelated channels, the coefficient is zero, while
the coefficient is one for channels which are parallel, i.e.,
equal up to a scaling factor.
Channel correlation: The channel correlation matrix per

position is obtained as the mean over N snapshots of the
user channel and its transposed channel conjugate for the
same number of samples.

R = 1

NF

N
∑

n=1

F
∑

f=1

h̄(n, f )h̄
H
(n, f ), (8)

where R ∈ C
M×M . It expresses the correlation between the

channels observed by each antenna.
The condition number: The joint orthogonality of

multiple positions, or channels, is investigated by using the
condition number [26], [27]. It is defined as

κK,M(n, f ) =
λmax

(

H̄(n, f )
H
H̄(n, f )

)

λmin

(

H̄(n, f )
H
H̄(n, f )

) , (9)

with κK,M ∈ [1,∞), for M antennas and K users. The
channel matrix H̄(n, f ) consists of the normalized channel
instances of K positions [h̄1(n, f ) . . . h̄K(n, f )] ∈ C

M×K . A
high condition number means that at least one pair of chan-
nels is strongly correlated. When all channels are pairwise
orthogonal, the condition number becomes one. The inverse
condition number is chosen as a metric to be able to express
the orthogonality in a finite range, i.e., κ−1

K,M ∈ [0, 1].
Chordal distance: The chordal distance measures the

orthogonality between two eigenspaces, represented as the
p-dominant eigenvectors. By definition [28], the chordal
distance between two matrices Ui and Uj is given by

dc
(

Ui,Uj
) =

∥
∥
∥UiUH

i − UjUH
j

∥
∥
∥

2

F
, (10)

where Ui ∈ C
M×p and Uj ∈ C

M×p are the unitary matrices
that span over the number of antennas M and p-dominant
eigendirections. The unitary matrices are obtained in the
eigenvalue decomposition from the Hermitian matrix R as
follows: R = UDUH . Note that in order to estimate the
chordal distance it is important to obtain the p-dominant
eigendirections in advance.

FIGURE 1. Antenna array configurations.

III. MEASUREMENT SETUP AND SCENARIO
The 5G massive MIMO testbed at KU Leuven3 based on
National Instruments equipment was used during these exper-
iments. The testbed runs the LabVIEW Communications
MIMO Application. This application was designed for LTE-
TDD based transmission. Therefore, the LabView application
had to be adapted to conform to the regulations of [29]. To be
precise, the occupied bandwidth, the transmit power and duty
cycle of the framework had to be altered. This is elaborated
on in [24]. Table 1 summarizes the measurement setup.
The base station is, as mentioned before, equipped with 32

vertically polarized patch antennas. Two array configurations
were used, a 4-by-8 URA (Fig. 1(b)) and a 32-element ULA
(Fig. 1(a)). The patch antenna was designed to operate in
the 868MHz band. In theoretical massive MIMO papers a
32-element array may be considered relatively small, yet
in absolute terms at this operation frequency the array is
definitely quite large, i.e., 5.5m for a 32-element ULA at
868MHz or with a wavelength of 34.5 cm. The array consists
of two-element holders. These holders facilitate the design
of different array topologies. While in this measurement we
use a rectangular and a linear uniformal array, cylindrical
and distributed arrays can be easily constructed with this
design. At the node side, a single dipole antenna is used
(Fig. 2).
The measurements were conducted in front of the

Department of Electrical Engineering (ESAT) building in
Heverlee, Belgium. The measurement environment can be
seen in Fig. 3. The base station was placed on the balcony
at the first floor of the building at a height of 7m.
During the experimental campaign, we collected the

channels on all 32 antennas for static and continuous mea-
surements. Between each static measurement position we
moved the transmit antenna (node) 10 meters according to
the paths shown in Fig. 3. The paths were chosen in order to
have positions perpendicular and parallel to the base station,

3. https://www.esat.kuleuven.be/telemic/research/NetworkedSystems/
infrastructure/massive-mimo-5g

2198 VOLUME 2, 2021



FIGURE 2. Transmit node with a single dipole antenna.

FIGURE 3. Overview of rural measurement area. All paths have a length of
approximately 140 m.

as well as having NLoS and LoS positions. As the measure-
ments were done in summer, the presence of foliage on the
trees has a non-negligible effect on the collected channels.
Both the measurement data4 and the processing scripts5 are
available in open-source.
When comparing LoS and NLoS scenarios, we use two

static points per case. The locations of the measurement
points are shown in Fig. 4 and further used in Section IV
to study the effect of LoS and NLoS scenarios.

IV. EVALUATION
We here evaluate different performance metrics, grouped
based on their impact on crucial aspects for IoT communi-
cation. Section IV-A explores the benefits of massive MIMO
regarding the reliability, coverage and energy efficiency of
the IoT nodes. The ability to serve multiple nodes and a first
look on how to schedule them is studied in Sections IV-B
and IV-C.

4. dramco.be/massive-mimo/measurement-selector/#Sub-GHz
5. github.com/GillesC/MARRMOT

FIGURE 4. Points considered to be LoS and NLoS including distances (in m) with
respect to the base station.

When investigating the impact of the number of base sta-
tion antennas, we selected Ms subsequent array elements
according to their numbering. In the case of a ULA this
always results in a ULA of Ms antenna elements, this in
contrast to selecting random antenna elements. The same
reasoning does not always hold for the URA configuration.
An example where this does not hold is shown in Fig. 5.
Consequently, the results of the URA configuration, with
respect to the number of antennas, needs to be carefully
interpreted. To be able to capture small-scale fading, while
still have a negligible effect of the large-scale fading, we
divided the continuous measurements in paths with a length
of approximately 25 λ.

A. INCREASED ENERGY EFFICIENCY, COVERAGE AND
RELIABILITY
The reliability, coverage and energy efficiency improvement
are assessed by means of the channel gain diversity, combin-
ing gain and channel hardening effect. The combining gain
allows reducing the transmit power of the nodes thanks to
the increased gain when combining the many base station
antennas. Equivalently, the coverage can be extended by the
achieved combined gain. Furthermore, when a channel offers
channel hardening, the variance of the channel gain decreases
as the number of antennas increases, hence providing a more
reliable channel. As a result, the fading margin at the IoT
node can also be reduced. As the channel becomes more
deterministic, the probability of packet losses decreases, and
thereby the number of required retransmissions is reduced.
Channel Gain Diversity over the Array: In [16], it was

observed that antenna arrays with a large aperture experience
antenna-dependent large-scale fading. In this work, we have
observed similar behavior even with a low number of anten-
nas. Notably, the physical aperture of the array is larger
for 868MHz than 2.6GHz as in [16]. The un-normalized
average channel gain, summed over frequency and per base
station antenna, is depicted in Fig. 6 for the two array con-
figurations and a LoS and NLoS scenario respectively. By
averaging the channel gain over time for each antenna ele-
ment, we take away the small-scale fading present on each
antenna. Fig. 6 shows that the large-scale fading can not
be considered constant over the antennas as is frequently
assumed in theoretical work [12]. Depending on the posi-
tion of the antenna in the array, it can be shadowed or

VOLUME 2, 2021 2199



CALLEBAUT et al.: EXPERIMENTAL EXPLORATION OF UNLICENSED SUB-GHz MASSIVE MIMO FOR MASSIVE IoT

FIGURE 5. Antenna numbering with 8 randomly selected subsequent antenna elements (highlighted).

FIGURE 6. The average (over time) channel gain per antenna element demonstrates
the presence of varying large-scale fading over the antennas. The antenna numbering
is according to Fig. 5.

see different multi-path components; this naturally becomes
even more noticeable in the NLoS scenario for both array
configurations. The average observed difference between the
maximum and minimum channel coefficients between two
antennas during one measurement is 15.4 dB and 13.2 dB for
the ULA and URA, respectively. Depending on the location
of the node and how the multi-path components travel in
the environment, the antennas at the base station will hence
not contribute equally to the overall received signal. Fig. 7
illustrates this by showing the average channel gain for all
base station antennas and all measured points. The con-
siderable differences demonstrate that spatial diversity can
significantly improve the link reliability. It can also be noted
that at some points, a specific antenna can be in a fading dip
while being one of the strongest antennas at other points.
Channel Hardening: When increasing the number of

antennas, the channel hardening effect appears. For a
Rayleigh fading channel, the channel hardening becomes
10 log10(

√
M) when using the standard deviation for com-

parison as in (6). The channel hardening is here measured
as the difference of the standard deviation of the channel
gain when going from 1 to M antennas, i.e., 7.5 dB with 31
antennas. A comparison between i.i.d. Rayleigh fading and
the measured channel with the ULA and the URA is shown
in Fig. 8. Here, the average standard deviation of channel
gain of a time window of size 600 for an increasing num-
ber of antennas is depicted, extracted from the continuous
measurements along path B and C in Fig. 3. The antennas
are chosen in the order that is outlined in Fig. 5.
In Fig. 8, a clear channel hardening effect can be seen as

the standard deviation of channel gain decreases when the
number of base station antennas increases. In the beginning

FIGURE 7. Average channel gain per base station antenna (ULA). Each row depicts
the average channel gain per measurement point for each antenna element.

FIGURE 8. Average standard deviation of channel gain (6) when increasing the
number of antennas for the ULA and URA.

the URA has a lower standard deviation than the ULA until
eight antennas where it saturates and is then bypassed by
the ULA. For the ULA the average channel hardening is
3.2 dB and for the URA it is 2.3 dB. The reason for more
channel hardening with the ULA is most likely due to better
possibilities of exploiting the spatial diversity while adding
more rows to the URA does not contribute as much. The
channel hardening effect allows to reduce the fading margins
and therefore the overall transmit power as well.

B. SERVING MULTIPLE NODES
The channel orthogonality is assessed by means of the cor-
relation coefficient and the inverse condition number of
channels captured at different measurement locations. The

2200 VOLUME 2, 2021



FIGURE 9. Average node correlation δi,j in (7) between the channel vectors of two
random node positions, as a function of the number of BS antennas. Expressed in dB
to better illustrate the difference between the graphs.

former describes the orthogonality of two nodes, while the
latter shows the joint channel orthogonality of multiple
nodes. Both metrics are evaluated with respect to the number
of base station antennas. We consider on average 300 loca-
tions per antenna configuration. The actual static locations
were extended with virtual locations by splitting the continu-
ous measurements in virtual locations, each with 100 channel
instances, equivalent to capturing 1 second.
Correlation Coefficient: The correlation coefficient

relates to the concept of favorable propagation, which also
quantifies the ability to separate channels. When there is
favorable propagation [28], the channel vectors are pair-wise

orthogonal such that
1

M
hiHhj → 0 as M → ∞ for two

positions i and j.
Fig. 9 depicts the correlation between two channel

instances from two random locations as a function of the
number of base station antennas. The result was obtained
by calculating the correlation coefficient – as defined in (7)
– 100 000 times per antenna configuration and for different
numbers of consecutive antennas. For i.i.d. Rayleigh fading
the average correlation coefficient becomes 1/M [28]. Fig. 9
shows the same trend for the ULA, URA and i.i.d. Rayleigh
fading for the first eight antennas. After eight antennas the
decrease of the correlation flattens for the URA, demonstrat-
ing that adding a second row does not contribute as much to
the decorrelation of the channels. This effect is much smaller
in the ULA case, illustrating that increasing the size of the
ULA increases the spatial diversity, as was also observed
when studying the channel hardening.
The correlation between the channels for a LoS and NLoS

case is shown in Fig. 10. The general trend shows that the
ULA configuration captures channels which are less corre-
lated than the URA configuration. Moreover, when deploying
close to 32 antennas, the correlation coefficient for both
NLoS and LoS becomes equal. Hence, even in LoS, increas-
ing the number of antenna elements in a ULA configuration
contributes to the decorrelation of the channel coefficients
such that nodes could be separated. However, for the URA,
as expected this is trickier in LoS and the decorrelation of
users is much more prominent in the NLoS scenario.

FIGURE 10. Correlation coefficient δi ,j between the two LoS and NLoS users.

Orthogonality of Multiple Nodes: The orthogonality of
multiple IoT nodes is assessed by examining the condition
number [27] or the distance from favorable propagation [13].
The normalization and the channel instance selection proce-
dure are equivalent to that explained in Section IV-B.
A large condition number implies strongly correlated

channels, while a condition number of one indicates pair-
wise orthogonal channels. The inverse condition number is
chosen as a metric to be able to express the orthogonality in
a finite range, i.e., κ−1 ∈ [0, 1]. The inverse condition num-
ber for two, five and ten users as a function of the number of
base station antennas is shown in Fig. 11(a). The users are
randomly selected as discussed in Section IV-B. Logically
κ−1
K,M equals zero as long as K is larger than M.
We see that the κ−1

K,M of the ULA follows closely the ideal
i.i.d. Rayleigh fading case and tends to move closer to this
curve as the number of base station antennas increases; for
the URA case, the distance from i.i.d Rayleigh fading is
larger.
The empirical cumulative distribution function (CDF) is

used to further elaborate on the impact of K and M in
Fig. 11(b). There exist some strongly correlated channels,
as is illustrated by the spread of κ−1

K,M over the entire range
[0, 1]. This is also noticeable in the CDF of the correlation
coefficient (Fig. 11(b)) as both ULA and URA show some
correlation coefficients close to one. While there are not
many strongly correlated signals, it still demonstrates the
importance of adequate user grouping and scheduling.

C. SCHEDULING IOT NODES
Dominant Eigen directions: As demonstrated with
previous metrics, we cannot assume i.i.d. Rayleigh fading
channels but expect that signals, coming from the IoT
nodes, have distinct directions. In other words, we expect
that in this setting, nodes have dominant directions which do
not change drastically over time. These dominant directions
and their significance are studied by their eigendirections
and could be used to schedule nodes.
The distribution of weak and strong eigendirections can be

extracted from the channel correlation matrix R as defined
in (8) [28]. The correlation matrix is obtained from the
continuous channel collection along path B and C for a
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FIGURE 11. The average and CDF of the inverse condition number κ−1
K ,M for K IoT

nodes and 32 antenna.

FIGURE 12. Eigenvalues ordered in descending order for different antenna
topologies and different positions.

time window of size 600 samples, corresponding to approx-
imately 25λ. A diagonal matrix D containing the eigenvalues
is obtained through the eigenvalue decomposition of the cor-
relation matrix. The eigenvalues are sorted in descending
order. The higher the values of the first eigenvalues, the
more energy is confined in a few eigendirections. Fig. 12
depicts the eigenvalues tr(D) of the channels for path C and
B in Fig. 4. Most of the energy – between 68% and 85% –
is carried by three eigendirections, regardless of the antenna
array and node position. As we have a finite number of
measured channel instances, the i.i.d. Rayleigh fading chan-
nel is also simulated with the same number of snapshots.

FIGURE 13. Chordal distance of 3-dominant eigenspaces between path B and C for
the ULA and URA configuration.

Fig. 12 shows that the eigenvalues are distributed around
0 dB, whereas asymptotically all eigenvalues will be equal.
Fig. 12 further reveals that the experimentally captured data
are close to the asymptotic case. We can conclude that for
both configurations and both paths, dominant directions are
present. The latter is in contrast to the simulated i.i.d. case.
The ULA and URA show similar trends on both paths.
The difference between the three dominant eigendirec-

tions is measured by computing the chordal distance, defined
in (10). The chordal distance is used in [30], [31] to reduce
the complexity when selecting users to be scheduled together,
while still performing similar to full-CSI selection algo-
rithms. Fig. 13 presents the average chordal distance between
the 3-dominant eigenspaces of paths B and C. This figure
shows the degree of orthogonality of the eigenspaces between
the aforementioned configurations. As expected, the differ-
ence between the eigenspaces increases when the number of
antennas increases. The ULA increases the distance between
the three eigenspace more rapidly by increasing the number
of base station antennas, while with the URA it stagnates
after 8 antennas.

V. OUTLOOK AND CONCLUSION
In this paper, we have studied the opportunities of massive
MIMO technology to upgrade LPWANs operating in the
unlicensed sub-GHz band for future IoT applications. We
have evaluated several relevant performance metrics, based
on measurement data gathered through an experimental
campaign; this data is now available open-source.
Based on the measurements, we observed the favorable

effects expected in massive MIMO as of 32 antennas. The
experimental campaign covered both LoS and NLoS scenar-
ios, and ULA and URA antenna array configurations were
deployed. Our assessment confirms that both array gain and
channel hardening are considerable, while not always present
in all scenarios [32], [33]. Hence, when combining the many
antennas properly, the power consumption of the nodes
can be reduced drastically and the link reliability can be
increased. For example, for the case of a 32-antenna gateway,
this could specifically allow the battery-powered IoT devices
to reduce their transmit power by M – or 10 log10(M) dB.
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Alternatively, the additional combining gain could be used
to extend the coverage. Furthermore, the fading margins
can be lowered due to the channel hardening effect. This
effect also ensures that fewer retransmissions are required,
which are shown in [34] to account for considerable energy
consumption in current LPWAN technologies.
We performed an analysis of joint orthogonality of chan-

nels for different node positions. It shows that the relatively
large array does receive quite different responses from these
positions, opening the opportunity for spatial multiplexing of
nodes. When comparing the URA and ULA, it is noticeable
that whereas the received gains of both are similar, the chan-
nel correlation between different positions are quite different.
This indicates that the average channel power per antenna
is similar for both configurations, but the linear array also
ensures a more diverse set of paths is received. The latter
facilitates better decorrelation of nodes and is hence bet-
ter suited for serving many nodes. Noteworthy is that even
with users perpendicular to the array, the ULA still performs
better than the URA. The ULA also outperforms the URA
when users have the same azimuth angle with respect to the
base station, as shown in Fig. 10.
The measured channels show the presence of a few domi-

nant eigendirections that could be used for scheduling users.
It also demonstrates that i.i.d. Rayleigh fading does not hold
in the considered typical outdoor LoS and NLoS scenarios.
New models need to be designed to include sub-GHz mas-
sive MIMO propagation. These models can then be used to
design new low-power IoT protocols, to provide a massive
amount of devices energy-efficient access.
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