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Analysis of Multipath Components Distributions
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Abstract—In this paper, we analyze the characteristics of
indoor radio channel at milliliter waves. Measurements were per-
formed using a large virtual antenna array, for massive MIMO
(Multiple Input Multiple Output) applications. The results in
terms of correlation and multipath components characteristics
are analyzed for the whole large array and virtual sub-arrays
composing it. Common multipath components among the sub-
arrays are identified and the impact on the overall channel large
scale parameters, is discussed.

Index Terms—Indoor Propagation, Millimeter waves, Massive
MIMO.

I. INTRODUCTION

ASSIVE Multiple Input Multiple Output (MIMO) tech-
nology have been widely investigated in the last years

to increase the channel capacity, the wireless link reliability,
and to reduce interference [1]. While most of the classical
MIMO system implementations employ only a few number
of antennas (typically less than ten), the use of extremely
large antenna array results into an order of magnitude of more
radiating elements. This allows improving the number of data
streams, thanks to channel hardening, such that the small-
scale fading is mitigated, and reduce the transmitted energy
at antenna port, thanks to the large beamforming gain [2].

Massive MIMO benefits have been widely investigated in
sub-6 GHz bands, and are considered as fundamental technol-
ogy for millimiter waves (mmWave) to counteract the large
losses at these frequencies.

Nevertheless the implementation of massive MIMO implies
a large number of radio frequency chains, hence larger cost
and energy consumption, and an important use of resources
to determine the channel state information (CSI). These chal-
lenges can be solved through hybrid approaches [3].

Obviously, the propagation channel characteristics play a
pivotal role in determining the fundamental limits of such
communication systems.

Novel ideas such as the deployment of Extremely Large
Aperture Arrays for cell-free massive MIMO and holographic
massive MIMO among others, imply to solve some new
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channel modeling related challenges about non-wide-sense
stationarity and near field effects [4].

In the past, extensive massive MIMO channel measurements
in the sub-6 GHz bands [5], [6], [7], [8] have been carried
out and shown the non-stationarity phenomenon over massive
arrays at these frequencies. In [9], a channel measurement
campaign was conducted at 11 GHz in an indoor lobby
environment deploying two different types of 256-element
virtual array. In [10], the authors showed that the non-
stationarity properties of the massive MIMO channel change
several important MIMO design aspects. In essence, for the
same number of antenna elements, sub-6GHz massive MIMO
arrays are relatively bigger (in size) than the mmWave massive
MIMO arrays.

Under these conditions, the plane wave assumption may no
longer hold since the curvature of the wave fronts cannot be
neglected over large dimensions array. To catch these effects,
authors in [11] introduced an intermediate parabolic wave
model, which is more accurate than the plane wave model
while less complex than the spherical wave model. As for the
mmWave massive MIMO, the very high frequencies corre-
spond to smaller wavelengths and as a result, smaller arrays.
Despite the compact arrays, the far field assumption may still
be breached in the short-range mmWave communications.

The extensive measurements and simulations carried out in
[12] showed that circularly polarized (CP) antennas achieve
better performance and reliability over linearly polarized (LP)
ones in indoor environments (considering only the direct ray
or the multipath propagation). Additional studies and extensive
investigations employing either CP or LP antennas in the
context of mmWave massive MIMO still need to be done.

In the last years, the scientific community have been
proposing different channel models for 5G communications,
including world-wide recognized standards from ITU and
3GPP [13] and first approaches to 3-D wideband model
for 5G massive MIMO channels [14], [15], [16]. However
mmWave channel modeling is often based on mechanical
steering of antennas and reconstruction of the omni-directional
power angular delay profile, while the properties of massive
MIMO mmWave channel for short ranges, typically in indoor
environments, demand for specific measurement campaigns
and analysis. In this paper, we tackle the problem of mmWave
massive MIMO channel characterization in indoor premises. In
particular, we analyze how in Line-of-Sight (LOS) condition,
the channel variates along a large array of 21 x 21 antennas. In
view of hybrid beamforming approaches, where different sub-
arrays could be exploited, we analyze the multipath compo-
nents (MPCs) distributions and similarities between different
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positions within the large array. The paper is structured as
follows: in Section II, the measurement campaign in the 26-
30 GHz band is presented; section III discusses the spatial
channel correlation over the large array; section IV outlines the
methodology for common path identification among different
sub-arrays, along with the results in Section V. Finally Section
VI concludes the paper.

II. MEASUREMENT CAMPAIGN

The channel measurements are performed in a laboratory
room, as illustrated in Fig. 1(a). The dimensions of the room
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Fig. 1: The measurement environment and the floor plans.

are 7 m x 43 m x 2.8 m. The measurement setup is
based on a 4-port Vector Network Analyzer (VNA) and two
automatic positioners to control antenna movements while
scanning virtual spatial grids. The instruments are controlled
by an external PC. Two identical vertically polarized monopole
antennas of gain 1 dBi were employed at a height of 1.54
m above the ground. Measurements were performed in the
frequency band 26-30 GHz, sweeping 801 frequency points.
The transmitted power was 10 dBm. On the transmit (TX) side,
spatial grids were implemented in the z and y axes, forming a
21x21 virtual antenna array (VAA) in the zoy plane. On the
receive (RX) side, 3 x3 spatial grids are implemented along the
x and y axes. With 28 GHz as the centre frequency, a grid step
of 5 mm corresponding to half-wavelength was considered on
both TX and RX grids. The floor plans, showing the fixed TX
position and different RX positions are shown in Fig. 1(b).

III. CHANNEL CORRELATION OVER LARGE ARRAY

Starting from measurement results, we investigate the chan-
nel correlation in frequency and delay domains over the large
array employed on the transmitting side. For this purpose, the
21 x 21 large array was divided into 49 adjacent sub-arrays of
3 x 3 dimensions as shown in Fig. 1(a). The main purpose is
to investigate how different sub-arrays belonging to a large one
are correlated. We computed the average maximum correlation
amplitude, in the frequency domain, as :

VHi(f ai(f)* H
€]

A(f + Af )*
rvH(f

where H, ;(f) is channel transfer function related to the
p-th sub-array and i-th MIMO link, and (-)* denote the
Hermitian transpose operator. In the following results we show
the correlation between the central sub-array and the others
over the large one. We can notice in Fig.2 that the correlation
is generally below 0.6, and for highly correlated sub-arrays, we
do not notice a symmetrical behaviour over the large surface.
This would suggest a non-stationarity of the channel.
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Fig. 2: py p 4: Central sub-array vs 48 other sub-arrays includ-
ing its autocorrelation at each receiver position.

To further analyze this behaviour, we computed the corre-
lation between different sub-arrays in the delay domain :

Ppi(T) P
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where P, ;(7) is the Power Delay Profile related to the
p-th sub-array and i-th MIMO link, and (-)7 denote the
transpose operator. P, ;(7) is obtained from the measured
channel transfer function following (3).
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where hy, ;(7) is the channel impulse response vector and %
denote the inverse Fourier Transform.

Two different cases were considered here. In the first case,
Pr.p.q values were computed including the LOS component
using (2). Fig.3 shows pr,, when the central sub-array
P, i(7) is cross-correlated with the other sub-arrays PDPs.
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It was observed that in considering the LOS component, the
minimum p; , ; for the six receiver positions ranged from 0.66
to 0.84. Given the short distances traversed by the sub-arrays
(of about 10 cm), the channel correlation coefficients obtained
are consistent with the findings in [17]. In the second case, the
cross-correlations were computed excluding the line of sight
component (NLOS scenario), and we denote the normalized

cross-correlation values as pNLOS.
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Fig. 3: p;, 4: Central sub-array vs 48 other sub-arrays includ-
ing its auto-correlation at each receiver position.

Likewise, Fig.4 shows the p*; LOS for the 6 receiver po-

sitions. The minimum pszqOS Values for the six receiver
positions ranged from 0.54 to 0.65.
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Fig. 4: pNI LOS Central sub-array vs 48 other sub-arrays
including 1ts auto correlation at each receiver position.

Generally, we observed that the LOS component appears to
contribute more to the correlation coefficients of the receivers
who are closer to the transmitter e.g (ml and m2) than it does
to the correlation coefficients of the receivers further from the
transmitter (m4, m5 and m6). The strong correlation values for
position m3, even without the LOS component can be partly
explained by the closeness of this position to the walls. Conse-
quently, strong reflections from the walls lead to relatively high

correlation values in the delay domain for some sub-arrays as
can been in Fig.4(c). In some instances, particularly position
m3, excluding the LOS component resulted in a significant
decrease in the correlation values, highlighting the dominance
of the LOS component at this particular position.

To get further insights, the next steps considered were to
extract the MPCs of each of the 49 sub-arrays at a particular
position, identify the common paths among the sub-arrays
following a joint temporal, power and angular thresholds
criterion, and then analyze the MPCs distributions.

IV. MULTIPATH COMPONENTS ANALYSIS

For the MPCs detection and channel parameters estimations,
the UWB-SAGE (Ultra-wideband Space-Alternating Gener-
alized Expectation-Maximization) algorithm was used [18].
MPCs of significant powers were considered in this work
(10dB above the noise floor). The maximum number of
resolvable MPCs to be estimated was set to 100. The stopping
criteria was when more than 95 percent of the measured
channel power had been estimated, or otherwise, when the
maximum number of the resolvable MPCs had been reached.
With our focus placed on the 6 different receiver positions, we
identify the common MPCs seen by the 49 sub-arrays at one
particular receiver position. Let us define the [-th MPC of the
p-th sub-array at a particular receiver position as follows (4):

o], 7, 671" 4

where of, 7/, ¢} are respectively, the amplitude, the delay
and the azimuth angle of arrival (AOA) of the [-th MPC
of the p-th sub-array. Therefore in our case, we have p =

P with P = 49, and | = 1,...,LP where LP is the
number of MPCs detected by considering the p-th sub-array.
Hence the MPCs detected by the p-th sub-array are given by
MPC? = MPCY),MPC}, ..., MPCY,]. In order for the
detected MPCs between the p-th and the g-th sub-arrays to be
considered common, equation (5), given below, has to be met
jointly and simultaneously:

MPC} =

I =7l <Ar 0 [er] = ¢l < A¢

N |l(e)? af)’| | <AL (5)

where A7, A¢p and AE are the delay threshold in [ns], AoA
threshold in [°] and power threshold in [dB], respectively.
Effectively, after the common paths identification, the p-th sub-
array satisfies the following equation (6):

LP

Zal5(T—Tl (6 — 1) Zazcs T—7)0(¢p— )+

— -
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where LP is the total number of MPCs at the p-th sub-array,
L¢ is the number of common paths found.

Basically, equation (5) is applied in such a way that each
I-th MPC of the p-th sub-array is compared with all the L4
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MPC:s of the g-th sub-array (one at a time). In our work, for the
delay threshold, we considered any two MPCs to be similar,
if the absolute difference of the arrival delays is within 2 ns.
This delay threshold accounts for the 1 ns delay bin width
considered in the UWB SAGE algorithm as well as twice
the 0.5 ns accounting for the furthest distance between two
sub-arrays on the extremities of the massive array. Applying
physical geometry to positions m1 and m4 for instance, ideally,
two MPCs can be considered to be the same if the difference
between their azimuth AOAs is about A¢ ~ 2°. It has been
seen in this work that applying this strict value results in some
MPCs that via visual inspection are similar, being considered
different. As a result, tuning of this parameter to A¢ =5°
provides consistent results. It is important to remark that AOAs
in our work were defined from -180° to 180° and in using
(5), an extra step is needed to make sure that in the event
of oppositely signed AOAs, only two MPCs whose AOAs are
closer to 180 ° or to 0° could be considered common. Fig 5
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Fig. 5: Position m1 superposed sub-array22 and the reference
sub-array23 measured PDPs and the detected and common
MPCs.
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Fig. 6: Position m1 scatter plots of sub-array22 and the refer-
ence sub-array23 showing the detected and common MPCs.

and Fig 6 serve as examples of the detected common MPCs
between two different sub-arrays.

As for the MPCs powers, a difference of less than 3 dB
between the two MPCs was considered permissible in order
for the two MPCs to be deemed similar (common). The results
showed that for example, the fourth MPC in one sub-array can
be the fifth MPC in the other sub-array and so on.

V. RESULTS

When a massive 21 x21 array was compared with the central
33 sub-array, it was observed that the LOS path remains the
same despite the size of the array and this also holds true for
the 49 sub-arrays at one particular receiver position. On the
contrary, the size of the array has an impact on the secondary
MPCs estimation [19]. The 49 sub-arrays of the massive array,
do not see the same channel (shown by the superposed PDP
plots of any two sub-arrays). The least and the highest LOS
component energy contributions among all 49 sub-arrays at
all six receiver positions were 26 % and 49%, respectively.
Taking Fig. 7 as an example, the cdf curve (solid line) for
position m1 is obtained as follows: for each of the 49 sub-
arrays at position ml, a single value of the root mean square
delay spread (DS) is computed and this means that eventually
we will have 49 DS values and these are the values used to
generate the cdf curve of position ml. The same principle is
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Fig. 7: DS all MPCs and common MPCs. Solid lines show
all the MPCs statistics and the dotted lines show the common
paths statistics.

used for the other positions and the DS values for the p-th
sub-array are computed using (7):

Lp P _ P\2(,P\2
DSP = 21:1 (Tsz Tm) (az) %)
1—1(0{)2

where 77 is the mean arrival delay of the multipaths and is
computed as follows:

Lr
m T Lp

1= (ad)?
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LP, (aF)? and 77 are the number of detected MPCs, the
power of the [-th path and the arrival delay of the [-th path,
respectively, for the p-th sub-array. From Fig. 7, the difference
between the common paths median DS and all paths median
DS value ranges from 0.42 ns to 1.32 ns for all six positions.

With regards to the number of paths shown on Fig. 8§,
the median number of common paths as a percentage of the

median number of all the paths detected was within the range
46.9% t0 59.2 % .
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Fig. 8: Number of paths all MPCs and common MPCs. Solid
lines show all the MPCs statistics and the dotted lines show
the common paths statistics.

The angular spread (AS) values for the p-th sub-array, from
which Fig. 9 is derived, are computed using (9):
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Fig. 9: Azimuth AOA AS all MPCs and common MPCs. Solid
lines show all the MPCs statistics and the dotted lines show
the common paths statistics.
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where ¢} is the azimuth angle of arrival (or departure) of
the [-th path at the p-th sub-array. The difference between
the common paths median azimuth angle of arrival (Azimuth
AOA) AS and all paths median Azimuth AOA AS value ranges
from 2° to 6° for all the six receiver positions.

Respecting (5), consider for example one particular receiver
position (position m1). Each of the 49 sub-arrays is compared
with the other sub-arrays (including self-comparison) in order
to identify common paths. We call the sub-array that is being
compared to the other sub-arrays the reference sub-array. This
means that a total of 2401 comparisons are done for the posi-
tion m1 (each of the 49 sub-arrays having been considered as
a reference sub-array). This means that for each p-th reference
sub-array, 49 sets of common paths will be identified. Each set,
contains the common MPCs identified between the reference
sub-array and the other sub-array. For each set of common
paths, we then compute the DS, the AS, using (7) and (9),
replacing the superscript p with pc=1,...,49 where pc is the
pc-th set of common paths obtained in considering the p-th
reference sub-array. The energy contributions of these common
MPCs (n) with respect to the reference sub-array, are also
obtained following (10).

L® pcy2
(%) = =) g
121 (a])?

where (af“)? is the I-th common MPC power, and (a})?
is the power of the [-th MPC of the p-th sub-array and
pc=1,...,49 where pc is the pc-th set of common paths obtained
considering the p-th sub-array as the reference sub-array.
We then proceed to generate the cdf of the 2401 sets at
position m1 (e.g the red curve in Fig. 10 shows the common
MPCs energy contributions). Excluding the reference sub-

(10)
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Fig. 10: Common MPCs energy contributions.

array’s self-comparison results, the minimum common MPCs
energy contribution is 43.4% while the maximum contribution
is 99.4% for all the six receiver positions. Likewise, the
minimum average common paths energy contribution was
found to be 76.2% while the maximum average common paths
contribution was 87.1%.
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In a nutshell, the common MPCs distributions are shown
in figures (dotted lines): Fig. 8, Fig. 7 as well as Fig. 9. The
common MPCs energy contributions are shown in Fig. 10. We
can see that the the common MPCs (which are numerically,
47% to 59% of LP) have on average, an energy contribution
higher (by a factor >2) than the energy contributions of the
uncommon paths. Also, the common MPCs, are less spread
both in the azimuth and in the elevation than the uncommon
MPCs and they have shorter DS compared to the uncommon
paths.

Having identified the common MPCs and the uncommon
MPCs large scale parameters and their respective energy
contributions at each particular receiver position, we will now
look at the overall statistics. In essence, all the 6 receiver
positions parameters (DS and AS) are combined into a single
set of data. Table I shows the minimum, maximum and median
values of the aforementioned parameters when different array
sizes are considered.

TABLE I: Overall DS and AS statistics considering different
TX array sizes .

Parameter 3 X 3| 7xTsub- | 21 x 21 | 49(3x3)
central array massive sub-arrays
sub-array array

Min DS | 113 10.4 10.4 10.5

[ns]

Max DS | 17 16.9 15.6 17.8

[ns]

Med DS | 137 13.6 13 13.1

[ns]

Min AOA | 30 29 34 25

AS [°]

Max AOA | 81 82 87 98

AS [°]

Med AOA | 41 39 42 41

AS [°]

Fig. 11 shows the variation of the common paths number
with distance over the array. The displacements were con-
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Fig. 11: Overall average common path variation per distance
over the massive array

sidered horizontally, vertically and diagonally. The minimum

vertical or horizontal displacement distance is 15 mm (%)
while the maximum vertical or horizontal displacement dis-
tance is 90 mm (%). Diagonally, the minimum displacement
is 21.2 mm and the maximum displacement is 127.3 mm. We
can clearly see from Fig.11 that the number of common paths
decreases with increase in distance.

Numerically, the comparison between the overall statistics
before the common path identification and the overall statistics
of the identified common paths in the investigated indoor
laboratory shows that the common path DS and AS are smaller
(on average by 1.2 ns and 3°, respectively).

VI. CONCLUSION

In this work, we have analyzed the MPCs distributions
over a massive array in an indoor environment exploiting
the mmWave frequency band. The spatial channel correlation
was investigated in both the frequency domain and the delay
domain (both LOS and NLOS). In both domains (with the
delay domain clearly highlighting this), the normalized cross-
correlation values do not have a symmetric behaviour over the
large array, suggesting non-stationarity over the large array.
The multipath components were extracted for the whole large
array and sub-arrays defined within, using SAGE algorithm.
A joint temporal, power and angular thresholds criterion
was employed to identify common MPCs among different
sub-arrays. The results show that these common paths have
a an important energy contribution in the Line of Sight
scenarios considered. However, in order to fully catch the
channel characteristics, the sub-array dependent paths, here
called uncommon, should also be considered. The impact
of these components was investigated for different sub-array
sizes, showing that their contribution can reach up to 56.6%
of the energy even in Line of Sight. A model based on
only common multipaths could yield to an underestimation
of angular and delay spread. The shorter delay spreads and
smaller angular spreads for the common multipath compo-
nents may suggest that efficient mmWave massive MIMO
systems exploiting hybrid beamforming based on sub-array
division can be achieved. On the one hand, shorter delay
spreads imply flat fading, which has an impact on wideband
orthogonal frequency-division multiplexing (OFDM) systems,
where analog beamformers can hardly have different weights
across subcarriers. On the other hand, by taking advantage of
a small angular spread at the base station sub-array, we can
reduce the dimension of the effective instantaneous channel
state information for digital beamforming within each coherent
fading block. However, as already highlighted above, at some
receiver positions, the uncommon paths energy contribution
can be significant, therefore caution needs to be applied when
designing such mmWave massive MIMO systems employing
sub-array based beamforming. Hence, these effects need to
be carefully taken into account for mmWave massive MIMO
channel characterization for indoor applications.
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