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Abstract—The effects of multipath on the statistical cell-edge
user service quality is for the first time investigated for mm-wave
multi-user communication systems. The focus is given on setting
the user spacing constraints and the transmit array topology
via thinning, which can be used to enhance wireless security or
decrease analog/digital complexity. A hybrid line-of-sight/non-
line-of-sight channel is created by using a statistical model
following the communication standards. The multipath signal
components are included in the model by using non-coherent
or coherent modes of operation. It is shown in simulation that
selection, by the medium access control layer, of large angular
spacings between the simultaneously served users and application
of antenna array thinning at the array edges improves the system
performance.

Index Terms—Dbase stations, multibeam antennas, millimeter
wave propagation, phased arrays, communication systems.

I. INTRODUCTION

The use of active phased arrays and application of Massive
Multiple-Input-Multiple-Output (MIMO) concepts for mobile
communications have gained significant attention with the
growing use of millimeter-wave (mm-wave) frequencies [1].
Besides, the increasing demand for throughput and capacity
has made the multibeam antennas more and more popular
in terrestrial networks [2]. However, there is still a missing
link between antenna array synthesis and propagation channel
modeling, which may cause significant reduction in the opti-
mal design and operation of the communication system [3].

From the system point-of-view, the emerging multi-user
communication technologies are facing increased challenges
in obtaining reliable yet generic information about the prop-
agation characteristics, which can then be used to decide
on the best radio resource management (RRM) and beam-
forming strategy [4]. Various system-level studies have been
presented in the recent mm-wave literature which investigate
the user quality-of-service (QoS) based on widely used per-
formance metrics such as Signal-to-Interference Ratio (SINR)
or throughput. The impact of increasing the user spacing on
the QoS and blind spots in coverage was investigated in
[5] by assuming free space propagation. Non-regular array
topologies were proposed in [6]-[8] for suppression of side
lobes and thus reduction of inter-user interference in free

space. Different sector realizations and precoding strategies
under free-space propagation assumption were performed in
[9], [10]. Performance of multi-lobe and multi-beam arrays on
pre-defined multipath environments was studied in [11], [12]
based on a given geometrical data and ray tracing simulations.

While the antenna community uses the simplified and de-
terministic propagation channels, the propagation community
considers fully stochastic techniques [13], [14] which did
not allow to control transmitter and receiver positions, and
did not provide any physical insights into beamforming. To
the authors’ knowledge, there is still a gap in knowledge
about how the QoS performance is “statistically” affected
by the propagation environment and array topology when
standardized channel models are considered.

In this paper, this gap is reduced by making a novel
connection between the channel characteristics, user selection
strategies, array topologies and beamforming. To mimic prop-
agation for complex environments in a hybrid (deterministic-
stochastic) approach, the software developed at Fraunhofer
HHI called QuaDRiGa [15] is used in this paper. The impact
of simultaneously served users’ distribution on the statistical
service quality in different environments (free space and a
more realistic hybrid line-of-sight/non-line-of-sight LoS/NLoS
channel) is determined. Finally, performance of various an-
tenna topologies are statistically evaluated under different
power normalization criteria.

The rest of the paper is organized as follows. Section II
presents the system model and its formulation. Section III
explains the simulation settings used for demonstration. The
simulation results are provided and discussed in Section IV.
Section V provides the conclusions.

II. SYSTEM MODEL

QuaDRiGa can be used to compute realistic channel matri-
ces (based on the 3rd Generation Partnership Project, 3GPP,
standards organization) under various deployment scenarios,
propagation conditions, and different MIMO antenna config-
urations. The QuaDRiGa approach is defined as a “statisti-
cal ray-tracing model”. Depending on the propagation sce-
nario and antenna positions, it creates statistical/probabilistic
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Fig. 1. Communication link between a multibeam transmitter and multiple
users in the presence of clusters of scatterers.

environments. Unlike the classical ray tracing approach,
QuaDRiGa does not use an exact geometric representation of
the environment but distributes the positions of the scattering
clusters randomly by following certain statistics [16].

In line with this approach, Fig. 1 visualizes a simplified
communication link between a multibeam transmitter phased
array and multiple single element users. We consider an
isolated cell for simplicity, in which a transmitter with S
antenna elements is serving K users simultaneously in the
same narrow frequency sub-band using space division multiple
access. It is worth to note that for the beam corresponding to
the transmitted signal 1 (or transmitted signal k), the channels
marked in blue color carry the useful signal (or interfering
signal) for User 1, while the channels marked in green carry
the interfering signal (or useful signal) for User k.

In this case, the SINR at the k-th receiver for unit transmit
symbol energy is defined as [10]:

Tyokok
K
No + Zi;ﬁk Lrik

SINRy, = (1)

where

e I', ;1 is the total effective channel gain between the
transmitter and the k*” receiver with the precoding matrix
adapted to the i receiver

e Ny is the noise at each receiver

Depending on the transmit-receive system architectures in
terms of coherent/non-coherent signal addition and time/phase
alignment [12], we will consider 3 ways to compute the value
of I'.; 1 in the presence of multipath via clusters: (i) non-
coherent mode, (ii) coherent mode with time alignment and
(iii) coherent mode with time and phase alignment.

In the non-coherent mode, we consider the power that arrive
at the receiver k is the sum of the power of each path between
the receiver and the transmitter. This method of computation
does not take into account the phase of each wave that arrives
from different paths. Then, we have:

2 )

N
Lrik = E |Hkn X Wiy i
n=1

e Hj p, is the H matrix computed by Quadriga of dimension
U x S modeling the n*" path between the transmitter and
the k' receiver. In the modelling, receivers are single
element antennas, so U = 1, then H is of dimension 1 x S.

e Wy, ; is the precoding matrix at the transmitter which is a
column vector of antenna coefficients of dimension S x 1
calculated to maximize the link with the i** receiver.

In the coherent mode with time alignment, we have:

N
Fr,i,k = | Z Hk,n X wt:c,i|2 (3)

n=1
As for the coherent mode with time and phase alignment
with the most complicated structure, the formulation becomes:

N
Fr,i,k = (Z |Hk,n X Wiy 5 )2 “4)

n=1
Due to the presence of LoS path in our hybrid LoS/NLoS
channel, and by considering its wide application with low
complexity and robustness [7], [9], we use the maximum ratio
transmission (MRT) precoding in this paper.

III. SIMULATION SETTINGS

Considering the large number transmitters to be deployed
for full-coverage, we selected a relatively conservative 16
element linear multi-beam array in the transmitter generating
3 concurrent beams at 28 GHz. Depending on the multi-beam
generation strategy (analog, digital, hybrid), the complexity in
terms of analog or digital implementation, heat generation and
costs will grow rapidly with increasing number of elements
and/or number of beams [2].

We focus on cell-edge users” SINR as they are most prone
to additional interference from the nearby cells as compared to
the cell-center users [17]. The transmitter is generated follow-
ing the 3GPP-3D channel model (TR 36.873, v12.5.0,pp.17)
[16] as a linear horizontal antenna array composed of 16
elements, vertically polarized. For the 3 receivers in the scene,
we choose isotropic antennas. The transmitter is positioned at
10 meters height. The users’ height are then fixed at 1 meter
(with elevation angle fixed at 2.5 degrees below horizon), and
the distance on the ground between transmitter and receivers
is equal to 200 meters. Three simultaneous co-frequency users
within the azimuthal sector £60 degrees are selected randomly
by the medium access control layer based on a minimal
angular spacing criterion [5]. Figure 2 shows as an example
in which area the third user can be randomly positioned
(green arc) taking into account the other user’s positions. Our
approach is to start with no restrictive angular interval for the
first user and step-by-step reducing intervals where users can
be randomly placed (by increasing the minimum angle). The
selection of three users is repeated many times for statistical
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Fig. 2. Random positioning of a third user (in green regions) under certain
minimum angular spacing condition between the users.

performance evaluation. In each realization, the three users are
served by multiple steerable beams in azimuth via MRT.

Note that in uniformly-distributed ground-user only scenar-
ios with Tx placed at a certain height as we chose, more
than 90% of the users are within 2.5 to 10 degrees below
horizon [18], which can be effectively covered in elevation
within the wide element beam. However, it is useful to mention
that the proposed model is flexible in terms of transmit array
size, position and number of beams. The number of elements
can be increased for improved array resolution, which can be
combined with generation of larger number of simultaneous
beams in the sector. Array height or cell range can be modified.
The individual antenna elements can be replaced by subarrays
in the elevation plane providing a fixed and preferably shaped
beam for equi-power coverage of the cell [19]. Alternatively,
two-dimensional array architectures can be implemented if
scanning in elevation is desired. Small single or multi-beam
arrays can be used on the receivers as well. In such extensions,
propagation simulations must be repeated to obtain the new
channel coefficients.

IV. SIMULATION RESULTS

A. User spacing

Firstly, the impact of smart constraints in random user
distribution on the statistical link quality is studied. The
main goal is to observe the dependence of the cumulative
distribution function (CDF) of SINR in the hybrid LoS/NLoS
scenario for different operation modes, and to compare the
results with the one from the free-space scenario.

To this end, the minimum spacing constraint is varied from 0
to 15 degrees in 3 degree steps. The results are provided in Fig.
3. A general trend shows that increasing the minimum spacing
between the users improves the statistical SINR, which is in
line with intuitive understanding of reduced interference due
to decay in the side lobe levels with angle. The more realistic
hybrid channel causes reduction in the SINRs compared to the
free-space channel.

Odeg.
3deg

F(x)
F(x)

o

P(SINR<x)
=
P(SINR<x)

-5 0 5 10 15 20 25 -5 0 5 10 15 20 25
SINR SINR

(@) (b)

Fig. 3. CDF of SINR under different minimum angular user spacing criteria
for: (a) free-space, (b) hybrid LoS/NLoS channel in the non-coherent mode.

B. Array topology

Next, the effect of transmit array topology on the statistical
SINR is studied for two different power normalization ap-
proaches. The minimum spacing between the quasi-randomly
selected users is selected as 10 degrees and is fixed for each
case. In the first part, random array thinning is assumed.
In practical systems, this will be used as an antenna layout
modulation strategy for secure communications [20]-[22]. To
understand the impact of thinning from different portions of
the array, the random elements to be turned off are selected
either from the central region of the array (defined by 8
elements in the middle) or from the region close to the edges
(i.e. the remaining leftmost and rightmost elements). The effect
of turning off part the elements is reflected in the total transmit
power which will be reduced. Randomized user distributions
are repeated for randomized array topologies in order to char-
acterize the full statistical nature of the communication link.
The simulations are again given for the free-space propagation
scenario as benchmark and for the hybrid LoS/NLoS channel
by using the three modes of operation.

The results of the first part are shown in Fig. 4. Among the
three modes, the coherent mode with time alignment provides
the best performance in terms of SINR, which comes closest
to the performance in free-space. This is followed by the non-
coherent mode and the coherent mode with time and phase
alignment, respectively. It is observed that the negative impact
of random array thinning on the SINR is much more significant
in the free-space scenario as compared to a more realistic
hybrid channel. Thinning from the interior region of the array
results in much lower SINR values as compared to applying
thinning at the edge elements. This is due to the formation
of high side lobes in the resulting aperiodic arrays. Similar to
the results in Fig. 3 for the hybrid channel, the coherent mode
with time alignment provides the best performance in terms
of SINR, which is followed by non-coherent mode and the
coherent mode with time and phase alignment, respectively. It
is also seen that the non-coherent mode is the most robust
among all against the region of thinning. Interestingly, the
randomly thinned array could provide very similar (or even
better) statistical performance than the fully-populated array
in this mode of operation.

In the second part, the statistical performance of particular
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Fig. 4. CDF of SINR in the case of random array thinning for: (a) free-
space, (b) hybrid LoS/NLoS channel in the non-coherent mode, (c) hybrid
LoS/NLoS channel in the coherent mode with time alignment, (d) hybrid
LoS/NLoS channel in the coherent mode with time and phase alignment.

thinned arrays are evaluated for the hybrid channel. If selected
optimally, such array with a fixed thinned layout can be useful
to decrease the number of elements, while keeping a sufficient
level of minimum SINR statistically for the users at low cost.
For fairness in comparison, the total transmit power is kept
the same with the transmit power of the fully populated array
in this part. The result of these analyses are shown in Fig. 5
for the three operation modes.

A generic outcome of the study is that despite the increase
in the beamwidth, thinning the array from the corner elements
and keeping the layout uniform results in the best statistical
performance for the selected use case and user distribution
criterion. In the non-coherent mode, the SINR performance of
all thinned arrays are observed to be similar or better than the
fully populated array, which requires further investigation for
complete reasoning. In the coherent modes, the fully populated
array performs the best, which is followed by the arrays
thinned mostly from the edge and from the center and edge,
respectively.

V. CONCLUSION

The statistical effect of multipath on the cell-edge user
SINRs is studied for multi-user mm-wave communication
systems with spatial multiplexing. The focus is given on
the user selection strategy and array thinning. A hybrid
LoS/NLoS propagation model is developed and integrated with
the transmit array antennas and beamforming by following the
3GPP-3D standards. QuaDRiGa is used to derive the channel
matrices in the selected scenario (3 simultaneous co-frequency
users at the cell edge, linear array of 16 elements, MRT
precoding) for different multiple user selections and transmit
array topologies. Performance degradation in more realistic
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Fig. 5. CDF of SINR for several thinned arrays in the hybrid LoS/NLoS
channel for: (a) the non-coherent mode, (b) the coherent mode with time
alignment, (c) the coherent mode with time and phase alignment.

propagation environments than the free-space is quantified, and
analyzed for coherent and non-coherent modes of operation
for various user spacings. It is shown that under large angular
spacing between the users, coherent mode with time alignment
of the multipath components arriving at the receiver provides
the best and closest performance to the free-space scenario.
From the array thinning studies for reduced complexity and/or
secure communications, it is inferred that the statistical SINR
becomes more stable in the case of multipath and that the
thinning should be applied to the array edges when needed.
The future work will focus on expanding the system model
to include multi-carrier transmission and NLoS scenarios with
optimal precoding schemes at the transmitter and receivers.
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