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Abstract—This letter investigates spatial correlation proper-
ties of radio-frequency massive multiple-input–multiple-output
(MIMO) channels. The correlation between channel vectors at
the receive side is studied for the interreceiver distances up to
several wavelengths. This is an important property of 5G wireless
networks and its accurate prediction is desirable in many applica-
tions. Measured and simulated channels are compared using an
alternative formulation of the channel correlation function, the
argument of which is the distance between any two receivers in
proximity of a selected region. The measurements were conducted
using a massive MIMO base station (BS) testbed and virtual arrays
of receivers, positioned with a robotic system. The simulations were
performed using the ray-tracing (RT) technique in a simplified
model of an indoor environment, augmented with stochastic geom-
etry elements. In addition, a line-of-sight (LOS) channel model was
derived from the RT results, and the role of the scattered power on
the correlation was evaluated. The results show that the RT model
predicts the correlation with an error not exceeding 10%. The
variation of the correlation function profile with increasing receiver
to BS separation distance is also captured by the RT model. The
simulated LOS model predictions, which account solely for direct
propagation paths, were found to significantly underestimate the
correlation at the subwavelength distance, and overestimate it at
larger distances.

Index Terms—Channel characterization, correlation, massive
multiple-input–multiple-output (MIMO), ray tracing (RT).

I. INTRODUCTION

MASSIVE multiple-input–multiple-output (MIMO) [1] is
widely accepted as a 5G technology [2]. The massive

MIMO down-link (DL) transmission precoding aims at elevat-
ing the signal strength at the antenna terminals of the intended
receivers (Rx). Traditional beam-forming techniques operate
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in the direction-of-departure (DOD) space, increasing the base
station (BS) array pattern directivity toward the intended Rx.
In contrast to that, the massive MIMO precoding operates in
the channel space, setting the BS array transmit vector ac-
cording to the Rx receive vector. This leads to the formation
of spatial regions with increased electromagnetic field (EMF)
levels around the Rx antenna locations [3], further referred to
as hotspots. Concentrating EMF values in a hotspot reduced
potential unwanted spatial interference between different RX
locations.

A large number of elements in the BS array and precoded
transmission ensure that the EMF strength decreases with dis-
tance from the intended Rx, as the observed channel vector
becomes less similar to the one at the Rx location. The rate at
which the correlation between two Rx channels decreases with
the distance between them, determines the size of the hotspot.
This size dictates the distance at which two receivers can be
spatially multiplexed. Spatial multiplexing is desirable because
it increases throughput in a network. Additionally the ability
to predict a hotspot size could be demanded by many practical
applications, e.g., wireless power harvesting or studies of the
human electromagnetic exposure.

The correlation properties at the transmitter (Tx) side are
studied extensively in the literature from analytical [4] and ex-
perimental [5] standpoints. The Rx side received less attention so
far. Relevant information can be found in [6], where performance
of a wireless power harvesting beacon was studied. From these
results, we estimate the hotspot cross-section radius to be around
0.3 m, or 3 λ at 2.6 GHz and 1.6 m Tx–Rx separation distance.
In [7] and [8] the hot-spot power density distribution was mod-
eled as an interference pattern of a large number of plane-waves
incident at the Rx. The hostspot size was around 1 λ (86 mm)
at 3.5 GHz. Relevant results are found in the COST 2100 model
[9] study of the temporal autocorrelation function of moving
users in line-of-sight (LOS) 64-antenna element massive MIMO
channels at 2.6 GHz. The correlation coefficient rapidly dropped
to around 0.5 at a distance of approximately 0.1 m (1λ), and
remained at the same level at larger distances. In [10], scalar
products of channel vectors measured at 5.8 GHz are reported for
users in LOS at approximately 15 m distance from a 64-element
BS. The scalar product was around 0.4 for 0.2 m (4λ) between
users and dropped to nearly 0.2 at 1 m (20λ).

This contribution, for the first time to the authors’ best knowl-
edge, studies the spatial correlation properties of massive MIMO
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Fig. 1. (a) Top view of the measurement environment. The BS is shown with
a red rectangle, two Rx tracks are shown with dashed lines. (b) RT environment
sample. The BS is shown with a pink box, while the dashed colored lines indicate
the locations of Ai, i ∈ {1, 2, 3, 4} in the simulation.

at the Rx side, comparing measured and simulated channels.
The measurements were conducted using a massive MIMO
test-bed with 64 elements [5] (KU Leuven, Belgium), operating
at the center frequency of 2.61 GHz. The simulations were
performed using the ray-tracing (RT) method in a synthetic
environment, approximating the one in which the measurements
were taken. The RT method is widely and successively used
for indoor massive MIMO channel modeling in [11]. The RT
method accurately predicts the directional spread of diffuse
multipath propagation [12]—the key mechanisms connecting
the receivers’ correlation and their positions in the environment.
The main contribution of this letter is the validation of the RT
approach for prediction of the correlation properties of massive
MIMO channels. The measurement setup presented in the next
section aims to model an indoor LOS scenario [13] in which UEs
are autonomous mobile robots [14]. Such setting is one of the
major anticipated industrial 5G applications in “Industry 4.0”
[15] or “Factories of the Future” [16].

In addition, to evaluate the multipath contribution we studied
pure LOS channels, derived from the RT simulations. The effect
of the environment on the correlation profile was quantified by
comparing the LOS and measured channels at different distances
from the BS.

II. MATERIALS AND METHODS

A. Measurements

A top view of the measurement setup is shown schematically
(to scale) in Fig. 1(a). The KU Leuven massive MIMO testbed is
a TDD-LTE-based system controlled by the MIMO Application
Framework of National Instruments, with a center frequency of

Fig. 2. Channel magnitudes at the first BS element (2.61 GHz subcarrier) as
the Rx antennas pass through 16 stationary locations are shown with solid and
dashed lines. Bottom axis tracks the channel sample number, top axis - time
since the first measured sample. Shaded regions show the channel magnitude
min−max range across all 100 subcarriers. Channels of Rx1 and Rx2 are
shown in red and green, respectively.

2.61 GHz. The testbed comprises two parts, the BS and user
equipment (Rx). The BS is equipped with N = 64 dual-band
patch antennas, located as a planar array of 8-by-8 elements.
For the user equipment a single dipole antenna is used per data
stream. The center of the BS array is located atx = 5m,y = 0m,
z = 1 m in the coordinate system depicted in Fig. 1(a).

Two pairs of Rx antennas, (Rxl
1, Rxr

1) and (Rxl
2, Rxr

2) in
Fig. 1(a), are each mounted on a positioning system 2.2 and
3.5 m shortest distance from the plane of the BS, 0.3 m above
the ground. The positioning systems are controlled from the
operator’s center [Fig. 1(a)]. Simultaneously, they move the Rx
antennas parallel to the y-axis. Rxl

1 and Rxl
2 are moved from

y = 1.45 m to y = 0.17 m, and Rxl
1 and Rxl

2 are moved from
y = −0.17 m to y = −1.45 m (1.28 m of movement range for
each Rx). After each 10 mm traveled, the positioners halt the mo-
tion for 10 s to allow the BS control unit (CU) to record enough
channel state samples, resulting in K = 129 fixed positions per
Rx. The positioners report the local coordinates of each halted
Rx and the Network Time Protocol (NTP) timestamp [17] at the
moment it arrives at the location.

Fig. 2 shows the channel coefficients’ (hi
j,0) absolute val-

ues measured at one of the BS elements (with index 0) for
16 consecutive fixed Rx positions. Red and green colors in
Fig. 2 show channels to Rxl

j and Rxr
j , j ∈ {1, 2}, respectively.

Lines depict the channel magnitudes for the subcarrier with the
center frequency of 2.61 GHz, and the shaded regions show
the minimum–maximum range across all subcarriers. Solid dots
mark the channel values at the NTP timestamps which have the
smallest time difference with the timestamps reported by the
positioning system.

The channel magnitude shows a staircase-like behavior; peri-
ods with relatively stable values are followed by abrupt jumps,
forming an alternating pattern. The stable periods correspond
to the time instances when the Rx antennas are static and the
channel variation is caused by thermal noise or changes in the
environment. Rapid jumps of the channel always occur when the
Rx antennas are moved from one stationary location to another.
This can be seen from the positioner NTP timestamps in Fig. 2
(marked with solid dots) which follow these jumps.
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It should also be noted that none of the channel sample series
are correlated between receivers (absolute value of the Pearson’s
correlation coefficient ≤ 0.02.), which is expected, as Rx are
separated by over 1 m (around 7λ) distance at any time instance.
The amount of time it takes for the Rx to be moved from one
stationary position to another is below 0.5 s and at most a single
channel sample can be measured by the BS CU during this time
period. These samples are undesirable and therefore excluded
from further analysis.

Each stationary Rx position is treated as an element of a vir-
tual array of receivers with channel matrices Hi

j ∈ CN×K , j ∈
{1, 2}, i ∈ {l, r}. The matrix element hi

j,kn of Hi
j is then de-

fined as the arithmetic mean of the channel coefficient samples
measured between the BS element n and the Rxi

j at the location
k. The average relative standard error of both real and imaginary
parts of hi

j,kn (ripple of the channel samples with stationary Rx)
is around 3% and is much smaller than its variation across the
subcarriers.

B. Ray Tracing

The RT simulations were conducted with the Wireless InSite
3.3 (REMCOM) software suite. Environment geometry, dielec-
tric material properties, Tx, and Rx positions are the input for
the RT solver at 2.61 GHz.

1) Model of the Environment: The RT geometry is contained
within a single cuboid (the floorplan). Its sides are aligned
with the coordinate axes. In addition, scatterers are distributed
randomly inside the floorplan to diversify the propagation. The
scatterers are nonintersecting cuboids of a fixed footprint. Their
centers are positioned in the horizontal plane using the Poisson
disc sampling algorithm [18] within a 2 m distance from the
nearest wall inside the room. Each scatterer is rotated around
the vertical axis, that passes through its center, at an angle,
sampled independently from the uniform distribution in [0, 2π].
A geometry with defined scatterer positions is further referred
to as environment sample.

One of the simulated environment samples is depicted in
Fig. 1(b). The coordinates of the BS center and relative positions
of its antenna elements match those used during the measure-
ments. The Rx arrays are shown with solid colored lines in
Fig. 1(b). The Â1 and Â2 arrays have the same coordinates as
the measured Al

1 and Al
2. The Â3 and Â4 arrays have the same y

and z coordinates, but are shifted along the x-axis to x = 9.8 m
and x = 11.1 m, respectively. Indexed this way, the larger the
index of an array, the larger the distance of this array from the
BS.

The y- and z- dimensions of the room are equal to the
corresponding dimensions of the measurement site (7 and 3 m,
respectively). The room size in the x direction was extended
to 15.5 m (compared to 10.7 m of the measurement site), in
order to fit the A3 and A4 arrays into the simulation domain.
All geometric entities are assigned identical dielectric properties
εr = 7, σ = 1.5 · 10−2 S/m, modeling concrete material [19].

Vertically polarized half-wave dipole patterns are assigned to
the antennas of all BS array elements and receivers. Transmitters
are excited with a continuous sinusoidal signal with frequency
fc = 2.61 GHz (the test-bed center frequency).

2) Channel Matrix Calculation: The ray tracer calculates the
channel coefficient between the nth BS antenna element and kth
Rx location as

ĥj,kn =
∑

r∈sj(n,k)
ur exp(−2πifcτr) (1)

where j is the virtual array index, sj(n, k) is the set of indices
of rays found for the (n, k) Tx–Rx pair, ur is the amplitude of
the voltage induced by the ray r at the Rx antenna terminal and
τr is the time-of-flight of the ray r. The RT channel matrix Ĥj

is obtained by evaluating (1) for each Tx–Rx pair in the BS and
the Aj .

C. Free-Space Line-of-Sight Model

It is possible to modify (1), such that only the direct paths
between the Tx–Rx pairs are accounted for. Replacing sj(n, k)
with the LOS ray rLOS

j,kn (the LOS path exists for all Rx locations
in the studied scenario), we obtain the free-space LOS (FS-LOS)
channel coefficients

h→
j,kn = ur exp(−2πifcτr)|rLOS

j,kn
(2)

that form the channel matrix H→
j .

D. Channel Equalization

To exclude the effect of the path loss (PL) we equalize the
channel vectors. This is achieved by multiplying the channel
matrix by the vector of its inverse column norms. For any channel
matrix H

H̄ = [‖h0‖−1, ‖h1‖−1, . . . , ‖hK‖−1]H (3)

where hk = [hk0, hk1, . . . , hkN ]T is the kth channel vector.
Equalization (3) removes the channel magnitude variation,

but preserves the BS antenna amplitude and phase ratios.

E. Spatial Correlation Function

The equalized channel correlation matrix is defined using the
equalized channels as

G = H̄H̄∗T . (4)

As gkk = h̄kh̄
∗T
k = ‖h̄k‖ = 1, any diagonal element of G

equals to unity, as a norm of the equalized channel vector.
The absolute value of the off-diagonal element gkl is the signal
magnitude received by the lth Rx, when the BS transmits to the
kth Rx using the maximum ratio transmission (MRT) precoding,
with signal fading variation removed. This is proportional to the
interference between the kth and lth Rx locations, assuming the
MRT precoding.

As the distance between any two consecutive Rx positions is
constant (δ = 10 mm), the absolute values of the elements on
the l-diagonal of G are also the interference signals received by
the elements separated by distance Δ(l) = l · δ. Therefore, we
define a correlation function ρj(Δ), the argument of which is
the distance Δ(l) between any two Rx locations in Aj , as the
arithmetic mean of the absolute values of the elements on the
lth diagonal of Gj

ρj(Δ) =

∑K−l
i=1 |gji,i+l|
K − l

(5)
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Fig. 3. Correlation function ρ calculated using measured and simulated chan-
nels. ρ1 and ρ2 are shown with red and green color, respectively. The RT
channels are shown with dashed triangle marker lines and shaded regions depict
min−max range over the 25 environment samples. The measured channels
are shown with solid and doted lines for Al

j and Ar
j , respectively, and error-bars

show 5–95 percentile range over subcarriers.

where gjk,l is the element of Gj . Due to the channel equation
(3), ρ(0) = 1, which means that the channel of any element
is fully correlated with itself. If ρ(Δ) = 0, then all elements
separated by the distance dl are pairwise fully decorrelated, that
is, their channel vectors are orthogonal. From (4) and (5) it also
follows that ρj(Δ) is an estimate of the average normalized
power received at the distance Δ(l) from the intended receiver
parallel to the Rx array. Thus, the correlation function can be
viewed as a hotspot power cross-section in the direction parallel
to the BS array, averaged over the location of an intended receiver
in the Rx array.

III. RESULTS

A. RT Versus Measurements

By ρ̂j we denote the correlation function of the RT channel
matrix of the virtual array j. Twenty Five environment samples
were simulated and in each one ρ̂j was calculated with (5), in
which the correlation matrices of the channels are given by (1).
Similarly, by ρij we denote the correlation function measured
in the array Ai

j . Fig. 3 compares ρ in channels obtained from

the measured (Al
j , A

l
j) and simulated (Âj) arrays for Δ up to

1.25 m.
The top axis at the Fig. 3 displaysΔ in the units of wavelength

at 2.61 GHz. In general, all presented functions are decreasing
with Δ. The distance to the BS is the primary factor influencing
the rate at which the correlation drops.

The measured receiver array pair (Al
1, A

r
1) is the closest to the

BS (2.2 m). ρl1 and ρr1 are similar and fall off steeper than ρl2
and ρr2. They reach their minimum of around 0.12 at Δ � 0.6 m
(� 4λ). ρl2 and ρr2 both fall more steadily and bottom out at
Δ � 0.8 m (� 5.5λ) at a level of approximately 0.2.

The RT simulations show a very good agreement with mea-
surements, predicting the absolute values and general behavior
of the correlation functions. For A1 arrays the largest absolute
error was found at the subwavelength distances, where the RT
underestimates the initial drop by around 0.1. The underesti-
mation is slightly higher for A2 arrays, but unlike the previous
case, the largest absolute error of around 0.13 was observed
at Δ � 0.55 m. To further quantify the accuracy of the RT
method in predicting the correlation function, we performed the

Fig. 4. Correlation function RT/FS-LOS comparison. Graphs of ρ̂ for full RT
and FS-LOS channels are shown with solid and dotted lines, respectively. The
line colors matches the color of the arrays shown in Fig. 1(b).

least-square fit of the Gaussian function

f(Δ, σ) = exp (− Δ2

2σ2 ) (6)

toρrj , ρ
l
j and ρ̂j over parameterσ. Byσ(ρ)we denote the value of

σ obtained after fitting (6) to ρ. We found that σ(ρl1) � σ(ρl1) �
0.27, while σ(ρ̂1) � 0.25, which means that the RT estimate
relative error was around 8% at 2.2 m distance from the BS. At
3.5 m, σ(ρl2) � 0.39, σ(ρl2) � 0.37, and σ(ρ̂2) � 0.34, which
resulted in the relative error of around 10%.

B. FS-LOS Versus RT

We constructed the FS-LOS channels of all four RT-simulated
receiver arrays, as described in the Section II-C. We denote the
correlation function derived from the FS-LOS channel matrix
H→

j as ρ→j . Graphs of ρ̂j and ρ→j , j ∈ {1, 2, 3, 4} are given at
Fig. 4

The FS-LOS correlation functions overestimate the RT at
smaller values of Δ and underestimate it for larger Δ. While
FS-LOS model predicts a smooth concave fade-out of the cor-
relation with Δ, the full RT simulations show an abrupt drop
at Δ ≤ 1λ, followed by a nearly linear descent at larger Δ. The
initial drop at a subwavelength scale increases in magnitude with
the Tx–Rx distance: For A4, it approaches 40%.

IV. CONCLUSION

In this letter we explore the spatial correlation of the massive
MIMO channels with controlled distance between the receivers.
We introduced the spatial correlation function as a measure of the
average correlation profile in proximity of a given location. The
channels measured with the massive MIMO testbed were com-
pared to the simulations using the RT method and the FS-LOS
model. The correlation functions calculated from the measured
channels were decreasing with the interreceiver distance, with
the higher decrease rate, the further the BS to receiver distance
was. In general, the RT simulations show a good agreement with
measurements, predicting the correlation minima and values.
The FS-LOS model was unable to accurately predict the cor-
relation profiles. The obtained results generality is limited by
the environment type and scenario in which the measurements
were performed. To further validate the presented methodology,
future contributions will be focused on other relevant massive
MIMO scenarios, e.g., non-LOS at larger BS-UE distances or
outdoor-to-indoor links.
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