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Abstract—In this paper, the performance of multi-user (MU)
massive multiple-input multiple-output (MIMO) systems is evaluated in terms of bit error rate (BER). We focus on the case
of a downlink single-cell scenario with linear precoding as zero
forcing (ZF) and conjugate beamforming (CB). This performance
evaluation is done over a statistical mmWave 5G propagation
channel, using NYUSIM channel simulator developed by New
York University in 2015. A study of the channel response characteristics is provided to define the system parameters. Simulation
results in single-user scenario show better performance with an
increasing number of base station antennas due to the increase
of system diversity. For multi-user scenario, the performance
degrade for a higher number of cell users due to inter-user
interference.
Index Terms—Massive multi-user MIMO, 5G mmWave propagation, frequency selective channel, OFDM

I. I NTRODUCTION
Mobile data transmission volume is continuously and
rapidly increasing [1]. On the other hand, spectral efficiency
is approaching the Shannon limit. Transmission frequency
spectrum being a scarce resource, one major aim of new
mobile network generations is to increase data transmission
rate at the radio access network (RAN) by exploring new
technologies to provide a more efficient use of the frequency
spectrum.
Aiming to use mmWave bands (> 6 GHz), the 5th mobile
generation (5G) is going towards densification of the network
and reduction of the cell size (small cell) [2], [3]. Thus, 5G
systems can benefit from the large bands available in the
mmWave domain. However, this move of frequency bands to
GHz leads to new characteristics of the propagation channel
in 5G compared to older generations [4].
Furthermore, multi-user (MU) massive multiple-input
multiple-output (MIMO) [5] systems became of high interest
as they help reaching the objectives of 5G rates, due to their
high ability to raise network capacity and energy efficiency [6].
Therefore, it is of high interest to study MU massive MIMO
systems over 5G mmWave propagation channels.
Many researches focused on studying MU massive MIMO
chain considering a simplified Rayleigh channel (see [7] and
references therein). Recent studies evaluated the performance
of MU massive MIMO precoding schemes in terms of capacity
and bit error rate (BER) on a more realistic mmWave 5G

channel by using a geometrical model of the channel based
on ray tracing [8]. However, this method for channel modeling
is complex and needs lots of simplifications to make the
study affordable. In our work, we consider a less complex
and realistic statistical mmWave 5G propagation channel,
using NYUSIM channel simulator developed by New York
University [9].
The purpose of MU massive MIMO systems is to exploit the
spatial dimension to ensure a beamforming of the signal in the
direction of the concerned user so that each user can ideally
benefit from the whole allowed bandwidth at all time. This
is done by a precoding of the information at the base station
(BS). Precoding aims at distributing users’ data on the different
antennas of the BS in order to perform beamforming of
information toward the users. The BS computes the precoding
matrix after estimating the channel impulse response (CIR) in
a way to decrease the interfering part or to direct the useful
energy in the direction of each user.
This paper aims at evaluating the performance of MU
massive MIMO systems in terms of BER for the case of
conjugate beamforming (CB) [10] and zero forcing (ZF) [11]
linear precoding over a realistic 5G mmWave propagation
using a statistical model of the channel.
Because millimeter wave propagation channels, used in
this study, are frequency selective [4], we use orthogonal
frequency division multiplexing (OFDM) [12] modulation to
transform the frequency selective channel effect into a flat
fading channel.
The rest of the paper is organized as follows. In section
II, we present the system model that gives an overview of
the considered transmission chain and elements, we also show
the precoding schemes used in this work. Then, we describe
in section III the 5G mmWave channel model considered in
this study and we discuss the power normalization and noise
power on this channel. Due to the compromise between the
OFDM cyclic prefix length and the orthogonality between
subcarriers, we analyze in section IV the characteristics of
the power delay profile of the 5G propagation channel model
in order to specify the cyclic prefix parameter. Having all the
components of the simulated transmission chain, we show in
section V the simulation results and give an analysis of these
results. Section VI concludes this work.
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Fig. 1. System model.

II. S YSTEM M ODEL
We consider a MU massive MIMO system over OFDM
modulation for a single cell downlink propagation where the
BS has M transmitting antennas serving simultaneously the
N single-antenna users of the cell as depicted in Fig. 1. We
consider OFDM modulation over P subcarriers and transmission over the 5G propagation channel model that we describe
in section III, operating at a frequency of 28 GHz and a
bandwidth of 800 MHz.
Due to OFDM modulation, each of the M × N frequency
selective channels is ideally equivalent to a flat fading channel
over each subcarrier p if the cyclic prefix is larger than the
channel length [12]. Thus, precoding can be done independently on each of these subcarriers.
Let Hp ∈ CN ×M be the matrix containing the coefficients
of the M × N propagation channel at the subcarrier p and
Wp ∈ CM ×N the precoding matrix that distributes the N
symbols sent to the users on the M transmitting antennas at
subcarrier p. Let sp ∈ CN be the vector containing the N
symbols sent to the N users over the subcarrier p and rp ∈ CN
the vector containing the received signals by the N users over
the subcarrier p. We can model the system by:
rp =

√

η p Hp Wp sp + np

(1)

where np ∈ CN is the vector of additive white Gaussian
noise (AWGN) noise that affects the symbols of N users at
subcarrier p and ηp is the
 normalization
 factor of the precoding
matrix, equal to 1/E Tr WpH Wp ] (E [.] stands for the
mathematical expectation, Tr(.) for the trace of the matrix
and the superscript H for the conjugate transpose).
The received signal at each user is thus composed of a useful
part that contains the symbol sent to this user and an interfering
part that is composed of the N − 1 symbols sent to the other
users of the cell. The BS computes the precoding matrix after
estimating the CIR in a way to decrease the interfering part or
to direct the useful energy in the direction of each user. In our
work, we assume that the CIR is completely known at the BS
and at the receivers. Achieving a perfect channel estimation at
the BS is conventionally obtained in the TDD (Time Division
Duplexing) mode thanks to channel reciprocity [13].

(3)

Conjugate Beamforming permits to increase the signal to
interference ratio (SIR) with the increase of the number of
transmitting antennas. Its objective is to maximise the power
of the received signal at each user.
Zero Forcing Precoding [11]: The precoding matrix is
expressed as:
H −1
WpZF = HH
(4)
p (Hp Hp )
If Hp HH
p is an invertible matrix, the zero forcing precoding
makes the interfering part equal to zero, at the price of a
complex computation of Wp and noise enhancement.
III. P ROPAGATION C HANNEL M ODEL
A. NYUSIM simulator
We consider simulations on a realistic 5G mmWave propagation channel using NYUSIM simulator developed by New
York University [9]. The simulator provides a statistical channel model suitable for Monte Carlo simulations. The simulator
model is based on a large number of measurements from the
year 2011 to 2015 in New York City at millimeter frequency
bands in urban environments and can therefore give insights
on real performance. The simulator models the channel on an
800 MHz bandwidth on different mmWave frequencies. In our
work, a frequency of 28 GHz is considered. A full description
of the measurements and the statistical model of the simulator
in single-input single-output (SISO) systems is provided in
[14]. The simulator also gives a model of MIMO propagation
channels from the SISO model as described in [15].
B. MIMO channels correlation and power distribution
As we are working with MIMO systems, we have M × N
modeled propagation channels. Note that for MU MIMO systems, we generate N independent M ×1 multiple-input singleoutput (MISO) channels from the MIMO channel model,
since users channels are not correlated due to large distances
between users with respect to the propagation wavelength
(approximately 10 mm in our case) . In order to model a MISO
channel, the simulator generates one SISO CIR of several
multipath components. The M − 1 other links are generated
from the information on the antenna array geometry. So, the
M channels of each MISO channel are correlated and have
the same number of multipath components while each user
can receive data over different MISO channel length.
For the transmitted power, we note that it is conserved in
MU MIMO since it is distributed on the transmitting antennas.
As we are dealing with BER simulations, where we consider
the noise power effect, we omit the effect of path loss on the
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Fig. 2. Example of three CIR tests from the SISO CIR model in time and frequency domain.

transmitted signal so that the transmitted power is conserved
at each receiver.
IV. S TATISTICAL P ROPAGATION CHANNEL ANALYSIS AND
PARAMETER DEFINITIONS

The propagation channel model considers a random number
of multipath components where the delay between each multipath component follows an exponential distribution, yielding to very long delay spreads. However, the model also
considers that the power distribution of these components is
exponentially decreasing with the increase of the delay. So, the
probability of having high power multipath components with
long delay spread is very low. Indeed, in Fig. 2, we show three
independent realizations of the CIR in the time and frequency
domains.
If we want to have ideal OFDM transmission equivalent to
a transmission on a flat fading channel as in (1), we have to
take into consideration the maximum delay spread. This poses

high constraints on the number of OFDM subcarriers and the
cyclic prefix length. A long cyclic prefix ensures interferencefree transmission but at the cost of a loss in spectral efficiency.
For this purpose, we study in this section the statistics of
the SISO power delay profiles in order to define the cyclic
prefix length, knowing that MIMO channels have equivalent
power distributions.
We show in Fig. 3 the statistics of the maximum power
and the average total power of the multipath components after
a certain delay, defined as the threshold in x axis, averaged
over 1000 channel tests for each threshold independently. As
expected from the statistical channel model, we remark that the
power of the multipath components is decreasing rapidly with
the increasing of the delay. Thus, when the delay threshold is
higher than 250 ns, the remaining average total power is less
than −23 dB, which constitutes less than 0.005% of the total
received power. For the rest of the paper, we consider a cyclic
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prefix length of 250 ns assuming that the power of multipath
components after 250 ns is negligible. This will be verified by
Monte-Carlo simulations at the next section.
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V. S IMULATION R ESULTS
In this section, we present the simulation results for the
downlink single cell MU massive MIMO-OFDM system described in section II. Results are evaluated on the mmWave
5G channel described in section III for the case of ZF and
CB precoding with a cyclic prefix of 250 ns with P = 1024
subcarriers and 4QAM modulation. The channel is time sampled at 1.25 ns as the system bandwidth is 800 MHz. The
cyclic prefix length is thus equivalent to 200 time samples.
We consider that the channel is constant during one OFDM
symbol, so that we launch a new realization from the channel
model for each OFDM symbol. A block consists of 100
independent OFDM symbols that can potentially interfere with
each other depending on the length of the cyclic prefix. We
consider a perfect knowledge of the CSI at the BS and at
the receivers. Study of imperfect channel estimation is left for
future works.

Increasing the number of transmitting antennas M increases
the spatial diversity at the receiver and thus improves the
BER performance. Finally with M = 64 antennas, the BER
performance over the mmWave 5G channel is close to the
one obtained over the AWGN channel, which verifies that the
system is correctly designed, especially from the cyclic prefix
point of view. In this multiuser interference free configuration,
the two precoders obviously perform in the same way.

A. Single-user scenario

B. Multi-user scenario

In this section, we consider the single-user scenario i.e.,
the scenario where only one user (N = 1) is served by
the BS having M transmitting antennas. In Fig. 4 and 5,
we plot the BER performance respectively in the case of ZF
and CB linear precoding. As for a reference, we also plot
the BER of the 4QAM for an AWGN channel. With only
M = 1 antenna, the BER performance is poor since the
system is not able to exploit neither the frequency diversity
(no channel coding is included), nor the spatial diversity.

In Fig. 6 and 7, we study the effect of increasing the number
of cell users (N ≥ 1) on BER performance for a massive
number of transmitting antennas e.g., M = 64. We remark a
degradation of BER performance when the number of users
increase. In fact, when the number of users increases, the interuser interference effect is more important and thus degrades
the system performance. However, for a number of users that
is much less than the number of antennas, the performance is
approaching the AWGN channel case.
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Fig. 5. BER performance for single-user scenario with CB precoding.

station antennas that enhance the system performance due to
the higher diversity. For multi-user scenario, a degradation of
performance is obtained with the increase of the number of cell
users. This degradation is more significant with CB precoding
than with ZF precoding.
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transmitting antennas using CB precoding.

For the CB case the multi-user interference increases with
the increase of the number of cell users. In fact, for the
CB case, the interfering part tends to zero when the ratio
M/N is larger. For the ZF precoding, however, the multiuser interference is always zero but if the ratio M/N is not
high an amount power is lost.
VI. C ONCLUSION
In this paper, we studied the performance in terms of
BER of a single-cell downlink MU massive MIMO-OFDM
system over a 5G mmWave propagation channel. This propagation channel is generated by a statistical channel simulator
NYUSIM suitable for Monte Carlo simulations. We first
studied the statistics of the power delay profile of this channel
in order to specify the number of significant paths in order to
optimize the cyclic prefix parameter. We thus specified a cyclic
prefix of 200 time samples. Simulation results for single-user
scenario show the impact of increasing the number of base
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