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Abstract

Nowadays, it is nearly impossible to think of a service that does not rely on wireless communi-
cations. By the end of 2022, mobile internet represented a 60% of the total global online traffic.
There is an increasing trend both in the number of subscribers and in the traffic handled by each
subscriber. Larger data rates, smaller extreme-to-extreme (E2E) delays and greater number of
devices are current interests for the development of mobile communications. Furthermore, it
is foreseen that these demands should also be fulfilled in scenarios with stringent conditions,
such as very fast varying wireless communications channels (either in time or frequency) or

scenarios with power constraints, mainly found when the equipment is battery powered.

Since most of the wireless communications techniques and standards rely on the fact that the
wireless channel is somehow characterized or estimated to be pre or post-compensated in trans-
mission (TX) or reception (RX), there is a clear problem when the channels vary rapidly or the
available power is constrained. To estimate the wireless channel and obtain the so-called chan-
nel state information (CSI), some of the available resources (either in time, frequency or any
other dimension), are utilized by including known signals in the TX and RX typically known as
pilots, thus avoiding their use for data transmission. If the channels vary rapidly, they must be
estimated many times, which results in a very low data efficiency of the communications link.
Also, in case the power is limited or the wireless link distance is large, the resulting signal-to-
interference-plus-noise ratio (SINR) will be low, which is a parameter that is directly related to
the quality of the channel estimation and the performance of the data reception. This problem
is aggravated in massive multiple-input multiple-output (massive MIMO), which is a promising
technique for future wireless communications since it can increase the data rates, increase the
reliability and cope with a larger number of simultaneous devices. In massive MIMO, the base
station (BS) is typically equipped with a large number of antennas that are coordinated. In these
scenarios, the channels must be estimated for each antenna (or at least for each user), and thus,
the aforementioned problem of channel estimation aggravates. In this context, algorithms and

techniques for massive MIMO without CSI are of interest.

This thesis main topic is non-coherent massive multiple-input multiple-output (NC-mMIMO)
which relies on the use of differential M-ary phase shift keying (DMPSK) and the spatial

diversity of the antenna arrays to be able to detect the useful transmitted data without CSI
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Abstract

knowledge. On the one hand, hybrid schemes that combine the coherent and non-coherent
schemes allowing to get the best of both worlds are proposed. These schemes are based on
distributing the resources between non-coherent (NC) and coherent data, utilizing the NC data
to estimate the channel without using pilots and use the estimated channel for the coherent
data. On the other hand, new constellations and user allocation strategies for the multi-user
scenario of NC-mMIMO are proposed. The new constellations are better than the ones in the
literature and obtained using artificial intelligence techniques, more concretely evolutionary

computation.
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Chapter 1
Introduction

Mobile communications have their earliest roots in 1947, when the Bell System business of-
fered an early prototype of the current broadband mobile networks. Using very low-power
transmitters [4], it was intended to deliver radio services across a wide area. Unfortunately, the
Federal Communications Commission (FCC) refused to permit the use of the desired spectrum
band. More than 30 years would pass before the first mobile communications system would be
commercially available. The Bell Laboratories created the analog frequency-division multiple
access (FDMA)-based Advanced Mobile Phone System (AMPS) during the 1980s, which was
one of those pioneering technologies. The Global System for Mobile communications (GSM)
standard, the most popular 2" generation (2G) technology, was introduced later, in 1991 [5].
The analog voice service based on FDMA was replaced by the new digital service when dig-
ital time-division multiple access (TDMA) emerged. With the launch of the General Packet
Radio Service (GPRS) and Enhanced Data rates for GSM Evolution (EDGE) protocols [6],
more functionality like short message service (SMS) and other improvements were added over
time. Nonetheless, the introduction of Universal Mobile Telecommunications System (UMTS)
technology [7], or the 3G of mobile communications, marked the beginning of the multimedia
revolution. There was a clear need to deliver more reliable and flexible communications while
meeting significant data traffic needs, despite the fact that continuous advancements were made
with the new mobile communications technology. In this context, Long-Term Evolution (LTE)
technology (almost-4G) began to be adopted quickly after it became standardized in the late
2000s [8]. Orthogonal frequency-division multiplexing (OFDM) and multiple-input multiple-
output (MIMO) are key technologies in LTE and its successive improvements carried in the
second decade of the 21 century, which was gradually introducing new improvements until
LTE Advanced (LTE-A) was obtained (true-4" generation (4G)). Since then, the technology
continued evolving up until these days, in which the 5™ generation (5G) New Radio (NR)
standard [9] was defined and started its deployment. A summary of the evolution of mobile

communication technologies is found in Fig. 1.1.

Wireless communications have gained more and more importance in our lives during the last

40 years. Nowadays, it is nearly impossible to think of a service that does not rely on them.
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Figure 1.1: Evolution of mobile communication technologies from 1G to 5G.
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Nowadays, the mobile networks are used by the majority of the society, and this is supported
by the fact that by the end of 2021, about 4.3 billion people (more than half of the total popu-
lation) actively use mobile internet. In fact, the mobile internet traffic represents about a 57%
of the total global online traffic. Last but not least, there is an increasing trend both in the
number of subscribers and in the traffic handled by each subscriber, caused by the fact that
new services and applications emerge day after day and more and more people use them. It is
clear that the technology will keep evolving to allow for better and more demanding services
and applications, which will motivate the development of even more capable technologies. The
next foreseen mobile technology is beyond 5G (b5G) currently under development with respect
to the date of publication of this PhD thesis, followed by the 6" generation (6G), which is
expected to start its development around 2025. Mobile networks, along with numerous other
telecommunications innovations, have connected every region of the planet. The world is one,

as Arthur C. Clarke would remark [10].

1.1 Motivation

A clear demand for larger data rates, smaller E2E delays and greater number of devices is a
current issue for the development of mobile communications. Furthermore, it is foreseen that
these demands should also be fulfilled in scenarios with stringent conditions, such as very fast
varying wireless communications channels (either in time or frequency) [11] or scenarios with

power constraints [12], mainly found when the wireless equipment is battery powered.
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Since most of the wireless communications techniques and standards rely on the fact that
the wireless channel is somehow characterized or estimated to be pre/post-compensated in
TX/RX [13], there is a clear problem when the channels vary rapidly or the available power
is constrained. To estimate the wireless channel and obtain the so-called CSI, some of the
available resources (either in time, frequency or any other dimension), are utilized by includ-
ing known reference signals in the TX and RX, typically called pilots, thus avoiding the use
of these resources for data transmission [14]. Another issue that limits the performance of the
channel estimation is the pilot contamination problem, which consists on the fact that neigh-
bouring cells utilize the same resources to estimate the channel, interfering between them in the

process.

If the channels vary rapidly, they must be estimated many times, which results in a very low
data efficiency of the communications link. Also, in case the power is limited, the wireless
link distance is large or we have the problem of pilot contamination, the resulting SINR will
be low, which is a parameter that is directly related to the quality of the channel estimation and
the performance of the data reception [15-17]. An illustrative image of the previous concepts

is shown in Fig. 1.2.

This problem is aggravated in massive multiple-input-multiple-output (MIMO), which is a
promising technique for future wireless communications since it can increase the data rates,
increase the reliability and cope with a larger number of simultaneous devices. In massive
MIMO, the base-station (BS) is typically equipped with a large number of antennas that are co-
ordinated. In these scenarios, the channels must be estimated for each antenna (which in TDD
is simplified to at least each user due to channel reciprocity), and thus, the aforementioned
problem of channel estimation aggravates [17]. In this context, algorithms and techniques that

can make the massive MIMO work without the use of CSI are of interest.

The proposed algorithms and techniques are based on the NC-mMIMO, which allows to receive
the data sent by a TX without the need to acquire the CSI. In this thesis, the NC will be based

on the use of DMPSK, by means of a differential detection of the received signals

1.2 Research contributions

This thesis is focused on analyzing several properties of NC-mMIMO and designing and imple-

menting new algorithms to improve the performance of single-user (SU) and multi-user (MU)
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Figure 1.2: Conceptual images of a) varying channels (fast-left and slow-right), b) different

SINR levels and c) pilot contamination problem.

NC-mMIMO. All contributions can be summarized as follows:

* A cell-free (CF) approach is proposed for the SU NC-mMIMO. The main idea is to make

use of the access to several uncorrelated APs in order to increase the performance of the
NC-mMIMO. First, a detailed analysis of the effect of Rician spatially correlated chan-
nels on the performance of NC-mMIMO is provided. Second, a set of techniques for AP
selection in the proposed CF NC-mMIMO are provided. Third, a comparison between
coherent and NC CF massive MIMO is done to demonstrate that the NC approach is

better in scenarios with stringent conditions.

* A blind channel estimation technique based on reconstructing the NC data in RX to

extract the channel information from the received signal is proposed. With this idea,
first, an UL hybrid scheme combining the NC with the coherent scheme is proposed. In a
classical pilot-symbol assisted modulation (PSAM), the pilots are substituted by NC data
which will serve for both data trasmission and channel estimation, thus increasing the

efficiency of the UL. Second, a pilot-less time-division duplex (TDD) massive MIMO

4
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is proposed, in which the UL is only composed of NC data with which the channel is

estimated for precoding the downlink (DL).

* Two constellation design techniques are proposed for MU NC-mMIMO based on solving
numerical optimization problems due to the intractability when trying to apply classical
constellation design techniques. The first technique approximates the joint constellation
(JC) to a regular QAM shape and later conducts a bit mapping optimization over the
individual constellations (ICs), while the second technique performs a Monte Carlo sim-
ulation of the performance allowing a joint constellation and mapping (JCM) design that
does not make assumptions and is potentially optimal. A set of constellations is proposed
with different number of users (up to 5), different constellation sizes (even between the

users and up to 16-PSK) and different average received power.

1.3 Thesis outline

The remainder of this thesis is organized as follows:

* Chapter 2 addresses the background this thesis is built on. The coherent massive MIMO
and OFDM are presented and their unsuitability for propagation channels with stringent
conditions (fast time and frequency variations and low pilot SINR) is explained. The
NC-mMIMO is presented as an alternative suitable for the aforementioned scenarios and

a thorough explanation of its state-of-the-art is given.

* Chapter 3 explains the system model that this entire thesis relies on. Firstly, the chan-
nel model is presented, which consists of a Rician spatially correlated and time varying
channel. Secondly, the coherent massive MIMO-OFDM is explained, which will be used
for comparison purposes with the NC-mMIMO, which is lastly explained in this chapter.

* The contributions for the SU NC-mMIMO are included in Chapter 4 and Chapter 5. Two
main contributions are included, the first one being the CF approach to be used in the
NC-mMIMO scheme and the second one being the blind channel estimation technique
conducted with detected NC-mMIMO data. This blind channel estimation is used on the
one hand to increase the efficiency of the UL of a OFDM-MIMO system and on the other
hand, to propose a pilot-less TDD massive MIMO system.
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* Chapter 6 addresses the problem of constellation design in MU NC-mMIMO and pro-
poses the two design methods previously indicated in Sec. 1.2 and indicates the constel-

lations proposed for MU NC-mMIMO.

* Finally, Chapter 7 concludes by summarizing the work presented and the main contribu-

tions. Additionally, future research indications are outlined.

1.4 Mathematical Preliminaries

In this section we summarize some mathematical properties that will be useful along the math-

ematical derivations found in this thesis:

e The product of two zero mean uncorrelated normal random variables X and Y with
standard deviation ox and oy respectively, follows a variance-gamma distribution with

parameters VG(1,0,0x0y,0).

* The sum of R variables distributed according to VG(k, 0, 0;,0) is distributed according

R
0 VG <kR,0,\/W,O).

* Scaling a VG(1,0,0,0) random variable by any parameter & results in a variable dis-

tributed as VG(1,0, ko, 0).
* A distribution VG(R, 0, ¢,0) with R — oo can be regarded as a N'(0, Ro?).

o If a variable that follows a Gamma distribution I'(d, 3) is scaled by a parameter k, the

new variable is distributed as I'(6, k3).

The distribution of the sum of n independent Gamma variables I'(d;, 3;) is approximated as a

T'(6m, Bm) With
5, — iz 52'5027 > i 0if3; 7
Z?:O 51612 Z?:o 0i i
and when J,, >> f,, (true when there are several APs with small correlation), according

to [18],

and 3, = (1.1)

=0 =0

6
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Besides this, A and J are the real and imaginary parts of a random variable, and thus we can

decompose the product of two complex variables as

(9% +j31)(9%2 —l—jjg) = (9%19%2 — 3132) +j(9%132 + 31%2), (1.3)

composed of the sums and products of real normal variables, distributed according to

2 2 2 2
O O + 05 0

RNy — J1Jo ~ VG 2,0,\/ H ”22 SERCRYGN I (1.4)
o2 o2 —i—ag o2

R1Js + T1 R ~ VG 2,0,\/ 201 322 SERL- N (1.5)






Chapter 2

Towards pilot-less massive MIMO for
stringent scenarios

Making wireless communications feasible in scenarios with stringent conditions, i.e., fast time
and/or frequency channel variations and/or low SINR, has been of interest since the beginning
of mobile communications. We have observed how new scenarios have been anticipated with
each successive 3™ Generation Partnership Project (3GPP) standard, either being those with a
faster speed mobility, scenarios with more multipath presence or scenarios in which the avail-
able transmit power is smaller. Therefore, it is of interest for the research community to develop
new technologies that can work in the aforementioned scenarios with stringent conditions. In
this chapter, we talk about massive multiple-input multiple-output with orthogonal frequency-
division multiplexing (massive MIMO-OFDM), a technology that is of interest for future 3GPP

standards and we show the importance of its NC variant for the foreseen scenarios.

2.1 Coherent massive MIMO-OFDM

2.1.1 Massive MIMO

The proposal of a multi-antenna system to enhance the data rates dates back to the early 90s,
in which a larger spectral efficiency was intended by means of combining signals that were
spatially multiplexed. Multi-antenna communications were afterwards referred to as MIMO,
in which both the transmitter and the receiver have several antennas to achieve either more
robustness or a higher data rate in the wireless link [19]. In later 2000s, the concept evolved
to an access point, e.g. a cellular BS, with several antennas and several users with very few
antennas, comparatively, which was named multi-user MIMO (MU-MIMO) [20]. The com-
putational complexity and the training resources required to get the CSI of MU-MIMO grows
with the number of active users. Thus, massive MIMO, firstly introduced by Marzetta in [21],

consists of a BS equipped with a very large number of antennas and a smaller set of users (as
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a rule of thumb, it is considered that the number of BS antennas is ten times that of the num-
ber of active users). The work in [22] lists the three primary benefits of massive MIMO as
great spectrum efficiency, high energy efficiency, and low complexity linear signal processing.
The channel hardening and favorable propagation [23,24] make massive MIMO a competitive
technology, whose meaning are shown below mathematically. Assuming h,, is the channel im-
pulse response represented as a vector between user » and the BS with R antennas that tend to

infinity, and backed by the law of large numbers [25], we have that

hih,, )L, u=4 and R—o0
VE{|[hu| P} E{|h.,[[?} 0, u#v and R — oo

2.1)

A figure showing the concept behind massive MIMO and a real world testbed from Lund’s
university can be found in above Fig. 2.1.

Massive MIMO

(a) Massive MIMO concept. (b) Massive MIMO testbed from Lund.

Figure 2.1: Massive MIMO concept and testbed.

From the two previous channel propagation properties induced by massive MIMO, the follow-

ing consequences can be exploited:

* The excess number of antennas in the BSs allows for a reduction in transmission power
that improves energy efficiency and allows for the utilization of additional degrees of

freedom.

* The inter-user interference (IUI) vanishes as R grows, thus also resulting in the improve-

ment of the energy and spectral efficiency.

10
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* Linear processing becomes optimal when R is much larger than the number of users,
and different linear pre/post-coders exist, them being maximum ratio combining (MRC)
(which can be applied in each antenna independently), zero-forcing (ZF) (which can
eliminate the IUI but must be processed in a centralized manner in the baseband and can
create noise enhancement) and minimum mean-squared error (MMSE) (which is optimal

in the SINR sense).

2.1.2 Orthogonal Frequency Division Multiplexing (OFDM)

OFDM is a multicarrier technique which was first proposed in 1985 in [26]. In the OFDM, the
subcarriers are orthogonal between them, and has a series of advantages and disadvantages [27].
Robustness against multipath fading, ease of implementation and versatility to improve the
transmission efficiency are some of its advantages. Some of its drawbacks include high peak-

to-average power ratio (PAPR) and high side lobes in frequency domain, among others.

The baseband sampled version of the OFDM signal is the inverse discrete Fourier transform
(IDFT) of the transmitted symbols and can be efficiently implemented with a fast Fourier trans-
form (FFT). A guard interval or a cyclic prefix (CP) is very important to avoid inter-symbol
interference (ISI) caused by the delay spread of the wireless channels. The receiver can be ef-
ficiently implemented with a discrete Fourier transform (DFT) or an FFT. A conceptual image

of the time-frequency representation of the OFDM signal is shown in Fig. 2.2.

Channel Bandwidth

[V AFEY FFT Bins
|F|V

Concatenated : Orthogonal Subcarriers
OFDM Symbols T .

&
v

=1 OFDM Symbol

Guard

Intervals Frequency

Symboals

Time

Figure 2.2: Conceptual image of the time-frequency representation of the OFDM signal.

11
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2.1.3 Channel estimation for scenarios with stringent propagation conditions

In wireless communications, the physical properties of the propagation channels are critical to
the performance of the communication link. Recalling the Shannon’s capacity formula for a
point-to-point (P2P) additive white Gaussian noise (AWGN) channel

Pr|h|?
N )

C =W -logy <1 + 2.2)

where Pr is the transmitted power, N is the noise power in the receiver, W is the channel
bandwidth and / is the instantaneous complex baseband channel response of the propagation
channel. In this case, h is an scalar due to the fact that we are considering a P2P link for a
certain frequency in a certain time instant. Beyond this, h can have several dimensions, caused

by the fact that we may have:

¢ Several antennas in TX, RX or both.

» Several frequencies, mainly because of the use of multicarrier modulations.
* Several time instants.

 Several users.

* Any additional dimension.

Therefore, there are as many channels as the product of the sizes of each dimension.

In order to take advantage of the previously mentioned technologies (massive MIMO and
OFDM), following a classical approach, it is necessary to estimate the channels between the
TXs and the RXs. The family of techniques in which the channel estimation is required will be
called coherent schemes. To estimate the channel, the TX must send reference known signals,
typically known as pilots, to the RX [28]. In this manner, the RX can estimate the channel and
can, in some cases, feed the so called CSI to the TX via a feedback link. In case the scenarios
are static and there are not many multipath components, we only have to estimate the channels
every once in a while for all the antennas combinations. On the contrary, when the channels
vary very rapidly in time due to mobility and/or the existence of many multipath components
between any pair of TX-RX antenna, the channels must be estimated much more frequently to

keep track of channel variations [29]. Not only this, it is worth noting that in case the channel

12



Towards pilot-less massive MIMO for stringent scenarios

estimated in the RX must be fed back to the TX, there is a certain delay in this process that
results in a mismatch between the channel fed back by the RX and the actual channel that the
TX sees. Apart from this, the channel estimation quality directly depends on the SINR of the
received pilot signal, since the channel estimation is an estimation problem in the presence of
interference and noise. This SINR is affected by the transmission power of the pilot signal,
which is low in case the transmitter is battery powered, and by the interference to the pilot
signal, which is mainly affected by the existence of other cells utilizing the same pilot signal,
thus resulting in the so-called pilot contamination effect [16]. So, in case the channel must be
estimated very often, many available resources (which are limited by definition) are used for

channel estimation and not for data transmission, greatly affecting the data efficiency.

To summarize, these are the factors that affect the channel estimation quality and thus the

performance of the communications link:

* Mobility: the mobility at a certain velocity between the TX and the RX creates a Doppler

frequency spread that results in variations in the channel response in the time dimension.

* Reciprocity: it is directly related with the mobility and is caused by the fact that the
channel reciprocity is true for a static channel. When the channel must be fed back from

RX to TX, the channel is not the same.

* Multipath: the existence of several propagation paths between one antenna of the TX and

one antenna of the RX. This causes a channel response that varies in frequency.

» SINR: the SINR affects the channel estimation quality since it is an estimation problem

in the presence of interference and noise.

It is worth noting that some techniques have been proposed or foreseen to deal with the afore-

mentioned problems, such as:

* Channel prediction: utilizing statistical time and frequency properties of the channel, the
channel response can be predicted and less pilots would be needed. A classical example

is the Kalman filter for channel prediction [30].

* TDD massive MIMO: the channel is estimated only in the BS and there is no neeed to
feed it back to the users [17]. In this case, the number of required pilots is independent

of the number of antennas in the BS.

13
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* Pilot design to maximize the SINR: there are several techniques to increase the SINR of

the pilot signals [31].

In any case, the capabilities of these techniques are limited and if the factors affecting the
quality of the channel estimation are too severe, they will not succeed and the performance
of the communication will be largely degraded, up to the point of making the communication

unfeasible, as shown in [11].

2.2 Towards non-coherent massive MIMO communications

From the previous section, it can be concluded that, for propagation scenarios with stringent
conditions of mobility, multipath and pilots’ SINR, there is a need for techniques that can
perform data transmission without the need of CSI. In this context, the concept of NC-mMIMO
arises, which allows to receive the data transmitted by one or several TXs without the need
to estimate any channel parameter, including the channel response h. Besides this, it is worth
noting that the coherent schemes have a large complexity caused by the need to estimate the
channel, compensate it and then perform data detection. Thus, there are two additional steps
in the coherent scheme (estimation and compensation) that are not needed in the non-coherent

schemes.

2.2.1 History of non-coherent MIMO

Since the 1960s, NC communications have been widely studied, with on-off-keying (OOK)
and frequency shift keying (FSK) being the three predominant schemes, used only with binary
signals. The technical features of all these schemes are described and compared to coherent
schemes in [32]. The comparison is made in terms of spectral properties, complexity, per-
formance and the effects provided by fading, delay distortion and interference. Even though
initially it was FSK the preferred candidate, DMPSK was considered a better alternative than
FSK around the 1990s [33, 34]. Generally, the structure of an NC receiver was based on a
matched filter, an envelope detector, and a comparator, in that order. Successive developments
of NC techniques resulted in contributions for radar systems [35], which later resulted in the de-
velopment of Direct Sequence Spread Spectrum (DSSS) modulation schemes for the detection

of NC [36].

14



Towards pilot-less massive MIMO for stringent scenarios

2.2.2 State-of-the-art of non-coherent massive MIMO

All the previous work were focused on the single-input single-output (SISO) case, while the re-
cent wireless technologies make use of MIMO, so it is interesting to explore NC techniques
based on MIMO. In this context, Differential Unitary Space-Time Modulation (DUSTM)
[37,38] is the background of NC-mMIMO and is an extension of the standard DMPSK in a
higher dimension to obtain NC communications using MIMO channels. In DUSTM, the chan-
nel is employed in Ry transmission blocks, where the number of transmit antennas is R, and
the signals that are transmitted are part of a codebook composed of a set of Ry x Ry predefined
unitary matrices. The main advantage of DUSTM is that it can be decoded using Multiple-
Symbol Differential Detection (MSDD) in the receiver [39]. It is worth noting that DUSTM
does not need to use CSI, but it needs the time coherence to occupy several intervals and high
SNR. Other works for NC-mMIMO are based on codebooks of isotropically distributed unitary
matrices on the compact Grassmannian manifold [40]. Since the codebooks take advantage of
the MIMO channel features and take into account orthogonal subspaces that identify the trans-
mitted symbols at the non-coherent receiver, these schemes are specifically made for block-
fading. The main limitation of Grassmannian codes is that the proposed schemes are limited

for high SINR and low number of antennas.

In the last years, the development of NC-mMIMO has gained a lot of interest. A DMPSK with
M = 4 is proposed where the users can be geographically segregated using a special channel
that mimics a Impulse Radio-Ultra Wide Band (IR-UWB) system, depending on their non-
overlapping power-space characteristics. Nonetheless, it is not possible to exploit this channel
model in general. Other NC-mMIMO studies are based on energy detection amplitude shift
keying (ASK), which is simple in terms of complexity for the receiver, while the performance
is not very good when compared with the DMPSK alternative. Several works from the research
group of A. Goldsmith have been done in the topic of ASK for NC-mMIMO. The achievable
rates scaling law were shown to be equivalent in [41] for coherent and NC schemes, assuming
perfect CSI for the former. In [42], it was shown that NC schemes can outperform coherent
schemes. Regarding the constellations design issue, [43] performed the constellation design for

the ASK applied in the NC-mMIMO.

In contrast to energy-based designs, [44] proposes a number of constellations based on DMPSK
that enable us to use differential detection and distinguish the received signals from various

users simply by knowing their average power of the received signals while taking advantage
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of the benefits of using a greater number of receive antennas. The users are multiplexed in the
constellation domain, since, at the BS, a joint-symbol is received. This is a result of superposing
all individual symbols transmitted by each UE with their different channel effects, in the same
time-frequency resource. Another work [45] was based on the design of hexagonal uniquely
factorable constellations for SU NC-mMIMO, which is of interest to be extended for the MU
case. Suboptimal constellations for the multi-user scenario based on energy detection schemes
were proposed in [46]. A small set of suboptimal constellations for the multi-user case were
proposed in [2] and [3], for the NC based on DMPSK namely Type A, Type B, and equal error
protection (EEP), with the first one based on designing the constellation to separate the users
over sub-quadrants, the second one based on separating the elements via power control of the
users and the third one based on placing the constellation elements of each user with a certain

phase shift with respect to the others.

More recently, [47-49] have worked towards improving the development of NC-mMIMO
schemes. Reference [47] proposes a differential space-time block coded spatial modulation
(STBC-SM) that combines differential coding and STBC-SM to enhance the diversity benefits
in the absence of CSI. Reference [48] develops a non-coherent index modulation (IM) system
in which activation patterns are characterized by multi-level block codes. Last, [49] propose
a simple constellation construction consisting in partitioning a single-user constellation, useful
for joint constellation design for NC-mMIMO multiple-access. Furthermore, and due to the
recent interest in machine learning techniques for wireless communications, some authors have

utilized deep learning to improve the performance of non-coherent schemes [50].

We may say that the combination of differential schemes and massive MIMO gave birth to
the NC-mMIMO concept that is dominant nowadays. There is much more literature on NC-
mMIMO, but these are the main foundations upon which this work is built. Several other
references are cited in this document to support claims, prove analytical statements, and/or

justify assumptions.
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Chapter 3

System Model for coherent and
non-coherent massive MIMO systems

The baseline system model for NC-mMIMO, which forms the basis for the rest of the docu-
ment, will be discussed throughout this chapter. First, the general channel model of a Rician
channel with spatial, time and frequency correlation is presented. Second, the system model
for coherent massive MIMO-OFDM is presented, including the UL training phase, the channel
estimation and the UL filtering and DL precoding. Last, the multiuser NC-mMIMO system
model is presented, with a detailed explanation of the DMPSK scheme followed by the appli-
cation of spatial diversity in reception, which is the basis why NC-mMIMO works. It is worth
noting that we present the multiuser system model since it can straightforwardly be simplified

for the single user.

3.1 Propagation channel model

Unless otherwise stated in a specific section of this document, the works in this manuscript will
follow a generic Rician channel model with spatial, time and frequency correlation, which we
explain in this section. For this, we first describe the Rician channel and then, we describe the
spatial, time and frequency correlation. We will make the description for a generic BS a with
R, antennas and a generic user u, for a generic discrete time instant n and a generic carrier
frequency k. The channel of this thesis work follows a Rician distribution, which is a stochastic
model for radio propagation caused when the signal arrives at the RX by several different paths
where one of the paths (tipically the line-of-sight (LOS) component) is much stronger than the

rest, which compose the non-line-of-sight (NLOS) component. The channel vector that links

_ =k
Bk = \Jaiid (B + By (3.1)

where o/;;fj is the channel gain accounting for pathloss and shadow fading (large-scale

the user u with the BS a is

. 1 . - 7k n
fading), hZf is the LOS component and hz,u the NLOS component, so haquf ~
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CN (/o kR amER™F). where the undefined terms are defined below.

a,u’

The pathloss will follow a simplistic version of the urban microcell 3GPP, which is described
in [51], and was partially validated via measurements in the field [52]. It is expressed as Lijf =
Lo+ 10p 1og10(d375) + xZ’ff, where L is the pathloss at a reference distance of 1 meter, p is
pathloss exponent that depends on the environment, dg 'y ¥ is the distance between the center of
the array of the BS a and the user v and Xa’u is the shadow fading component which is modeled

as xn ~ N(0, Ui"”“) Thus, the channel gain is defined as s = 10~ La /10,

Since each BS a is located in a different physical location, it happens that the channel responses
H
of different BSs are totally uncorrelated, so E { (hZ;ﬁ ) hZ;’L} = 0. Also, since the users

are located in different physical locations, the channel responses of different users are totally
H
uncorrelated, E { (hgff) hZ”J,} =0.

— . xn,k —
The LOS component h;’ 1s usually expressed as h),’ = ]hZ,’5|eJ ®aju, where ]th]j] denotes
the vector of channel amphtudes and <I>aju denotes the vector of channel phases. Besides, any

element r, (with 1 < r, < R,,) of the vector of channel amplitudes is defined as [\BZS\} =
T

a
icsz
Kan+1
BS a and user w.

, where lCa « With 101ogy ( ) ~N <MICZ‘5’UIZC"”“> is the Ricean factor between

a,u

The NLOS component BZS follows a CN'(Op, , RiF) distribution, where R7¥ represents the
semi-definite spatial correlation matrix of the antenna array of BS a as seen from the user
u. The spatial correlation is caused by three factors mainly: the antenna radiofrequency (RF)
coupling in the antenna array, the antenna array geometry and the clustered channel propagation

[53,54]. Unless otherwise stated, the spatial correlation matrix will be defined as [Rgﬂ =

rr!

(537’]“)"’ r | where 7 and 7’ are two antennas in the array and 5a "u 1s the spatial correlation

factor for user v and AP a between two consecutive antennas.

The time correlation between two time instants n and n’ is modeled with the time variability as

b= o (o2 (1222 )) =

where Jy(+) is the zero-th order Bessel function of the first kind, L¢p is the cyclic prefix (CP)

E {| (it B

length in samples (which is set sufficiently large in this thesis to avoid ISI), K is the number of

subcarriers of the OFDM, A f is the subcarrier spacing (SCS) and fp is the maximum Doppler
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frequency, with the last two measured in Hz. Furthermore, fp = f.t, where f. is the carrier
frequency, v is the moving velocity of the TX, c is the light speed and 6 is the angle between
the direction of propagation of the electromagnetic wave and the direction of the motion. The
coherence time 7, of the channel is related in [121] to fp as T, = 167T Ton o . The symbol period
of an OFDM symbol is 75 = 1/A f. Along the text, we usually normalize the T, to the T and

-108.
refer to the coherence time in numbers of symbol periods as N, = Tf = 3116(; fﬁf .

We can define the frequency correlation [55] between subcarriers & and k' as

T = » k=K _
E{ |kl it 1|} = D2 dfexp (2n= ) = g, (3:3)

=0

where L is the number of paths of the multipath channel and d7 is the variance of each path /.

It is worth noting that d(% = K’C“ “— and Z IC"%’“—H’ since the first (shortest path) is

the LOS and the rest of the paths compose the so called NLOS.

There are some particularizations along this document to the channel model presented here, as:

Should there only be one BS, the pathloss is normalized as aZ,’q]f =land A=1.
* If a Rayleigh (only NLOS) channel is considered, the Rician factor is ICZS =0.

* In case there is no spatial correlation, then the spatial correlation matrix is the identity

matrix of size (R, X Rg) RZU =1g,.

* For no time variability, it is considered that the correlation is = 1 and thus time block

fading is considered.

* When no frequency correlation, or no OFDM is considered, and just a single carrier flat

fading, then n;, = 1.

3.2 Coherent TDD massive MIMO-OFDM

In coherent massive MIMO-OFDM, the channel between the TX and the RX must be estimated
and known at least at the RX side. For this, it is typical that some resources in the UL are
occupied by reference signals, known in both sides of the communication link, and that are

orthogonal for all the channels that want to be estimated. To minimize the number of reference
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signals in massive MIMO, the best is to rely on the TDD alternative. In TDD, the steps of the

communication process usually are:

* UL training phase: this step is in charge of estimating the channel, so both the pilot

assignment and the channel estimation processes are considered and explained.

* DL precoding (data payload in the DL): in this step, with the estimated channel, the DL
data is precoded to adapt it to the channel characteristics when transmitting from the BS

to the user.

» UL filtering (data payload in the UL): similarly to the previous step, the UL data is filtered

in the BS to remove the channel effects from the user to the BS.

3.2.1 UL training phase

The communication in a TDD massive MIMO system must start with the users sending training
pilots (ideally orthogonal) to allow the RX side (the BSs) to estimate the channel. During the
UL training phase, all U users simultaneously transmit pilot signals to the BSs. This approach

is called PSAM. The received signal at the BS a from user « is given by

U
Yau = ha,upu + Z ha,u’pu’ + Vg, (3.4)
u'=1

u'#u

where p,, is the pilot of user u, v, is the noise added by the BS «a in reception and is distributed
as CN(Og,, Jgal R, ) unless otherwise stated. It is worth noting that the signal from user u is
affected by IUI, which is the sum term. To reduce the interference from other users, the pilot
signals between users are designed so that they are as orthogonal as possible. In an OFDM
grid, it is common to place the pilots of different users in different resource elements, and thus

the pilots will be orthogonal [56].

To estimate the channel, there are different approaches to process the received signal Eq. 3.4
that contains the pilot, including the least-squares (LS) or MMSE criteria. In this thesis, unless

otherwise stated, when channel estimation is performed, it is done with the PSAM combined
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with LS detection. The LS detection is performed such that

U
hou = YouPl, = BauPuPl + Y owPwPl, + Vapl, = hou + Vo, (3.5)
u'=1

u' #u

where p, is the Moore-Penrose pseudoinverse of p,. The pilots are typically designed to
minimize the IUI and avoid the noise enhancement, and thus pupL = 1and pu/pL = 0. The

term ¥, is a varied noise term that has the same power, since |pu|2

3.2.2 DL precoding and UL filtering

Once the channel is estimated, for the DL, a precoding vector is constructed for each BS a and
for each user u, so that the data intended from the BSs to the user affects the least possible the

other users. The DL data signal from BS a is given by

U-1
k
Xoa = Y bulsi, (3.6)
u=0
where b[% is the precoding vector of the data s}, dl (which satisfies E{|s,’; \2} = 1) in the DL
and thus intended to user u from the BS a. At each user, the received 51gnal will be

A-1
oa = 2 0Ty + vy 3.7)

a=0
where v"* is the noise introduced by the receiver of user u and is distributed as CA (0, a,%u). A
certain cooperation among BSs is possible and that is why there is a summation in the equation
above. Some further processing may be needed such as compensation of power constraints,
TRX chains imperfections or inequalities, and so on. This leads to the fact that additional
processing may be needed over yZ’k to detect the desired data 3”’];[ that most likely resembles
s dl, but these details are out of the scope of this part of the thesis and details will be given in

each chapter in case it is necessary.

Firstly, we define the received signal in BS a as

aul - Z hZ{f qujl +V (3.8)
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where " is the noise introduced by the receiver of the BS a and is distributed as CA (0, U,%a).
Similarly to the DL, a filtering vector ggff is defined in each BS a for the uplink operation,

which is used as

U-1

k k n,k k n,k
uuz—ZgZuyﬁul—Zg ST hmksrE unk ) (3.9)
u=0

where a summation over the BSs is possible and can increase the performance over detecting

only over a single BS. Once again, further processing is needed over z l to detect the desired

n,k

data s su ul that most likely resembles s, -

Usually, both the precoding vector bg;ﬁ and the filtering one ggjff are functions of the esti-
mated channel lAl,w, and thus any channel estimation error or problem will result in detection

problems, getting to the case of making it unfeasible to estimate the channel.

3.2.3 Channel estimation imperfection

In this section, and for the sake of clarity, we are showing how the channel estimation errors
stack onto each other given the channel time or frequency variations and the error in the channel

estimation given the noise presence in the estimation process.

Following [57], we define an autoregressive model that approximates the correlation in time as

hF = nahk + /1 - n%ha ) (3.10)

—n' k . . . .
where h, ,, denotes what is called the independent innovation component. Therefore, the chan-
nel in time instant n’ is related to the channel in time instant n by the time correlation 7; and the
innovation component. The innovation component is composed of a Rician correlated channel

n,k k
that is uncorrelated with the channel hg’, ¥ and is defined as h ~CN(y/aq “h aus ag’ ik Rzu)

The channel is estimated in time instant n as h ha v + I/ k and compensated in time
instant n’. This compensation is usually done w1th either the MRC, the ZF or the MMSE
precoding and filtering.

As an illustrative case, the MRC filter for the UL is defined as ngff = (EZ{‘;)H , S0 in case it is
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applied to the received signal in Eq. 3.8. The filtered signal in all BS would be
A-1 N A-1 g [U-1
'k TR H  nlk k| o~nk 'k k 'k
zZ,ul = (hUL,U) yZ,ul = <hg7u + VZ ) (Z hZ,U Sz,ul + V;L )
u=0

(h) Tz sl (o F) T o 4 (o) T s (3.11)

a,u Pu,ul

which can be finally written as

A1 A1
n'k nk\Hynk 'k -k ok n!
28 =N () Hhkst kN [Vmu +/1—n2hy sk (3.12)
a=0 a=0

Useful Inter ference

where
U—1 I

R A R R AU VT AR S € AR 71 B S UMM CR )
u/=0

u'#u

By looking at Eq. 3.11 and Eq. 3.12, one can see that the received signal after filtering in the
UL has a lot of interefering terms that do not only come from the IUI, but from the imper-
fect channel estimation and from the fact that the estimated channel ”ages” with respect to the
channel that must be compensated. That is the reason why the channel estimation is problem-
atic when 7 (time correlation due to channel time variability) and/or |p,|?/c2, (SNR of the

channel estimation) are very small.

An equivalent derivation can be done for variations in the frequency domain by changing 7z
for . Similarly, the same process can be done in case ZF is employed, in which the filtering

matrix would follow the equation

—~ ~ ~ -1 ~
bk = (hh)t = ((hih)"hk) ()™ (3.14)
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3.3 Non-coherent massive MIMO-OFDM

Contrary to classical massive MIMO-OFDM, NC-mMIMO can detect the symbols transmitted
by some users in the UL without the need to acquire any kind of CSI. In this section, we par-
ticularize our system model to one BS with many antennas and some users. The non-coherent

massive MIMO-OFDM based on DMPSK is based on performing a differential encoding in

Antenna 1

ank
Multi-user  f—»

detection from
joint-symbol  |—>

ank
Sur

yn,k — Hn,kxn,k + vn,k

Figure 3.1: Non-coherent multiuser massive MIMO scheme.

We consider a MU single-input multiple-output (SIMO) uplink scenario, where a certain BS is
equipped with R antennas to receive the signals transmitted from U users. The signal trans—‘
mitted by any user v at time instant n is s, which belongs to a DMPSK constellation and is
differentially encoded as

n n—1
u S

u:x

non>0, (3.15)

0

0'is a single known reference symbol of the u-th user. Assuming a flat-fading' channel,

where x
the received signal is

y"=H"Ex" +v", (3.16)

X" = [z, 2P’ and H" = [b?,---  h}]" andB:diag<[\/E,--~ ,\/571}) ,
(3.17)
where v" is the additive white Gaussian noise (AWGN) vector with each element distributed
as CN(0,02), B, denotes the ratio of the received average power of the u-th UE, with respect
to some user (™" = 1, B, > 1, without loss of generality), which is proportional to the

composition of the large-scale channel effects and the power control of each user. Moreover,

"For non-flat fading channels, we can use OFDM, therefore creating multiple parallel channels that are regarded
as flat-fading.
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H c CP*U represents the small-scale fading. The reference SNR is defined as

u=1

‘Q
N

U
= ru (3.18)
u=1

where p,, is the SNR of user .

The phase difference of two consecutive symbols received at each antenna is non-coherently

detected (differentially decoded) as

n—1\H ,n
o= (yR)y _ %(Hn—lﬁxn—l + Vn—l)H(HnBXn + Vn) —
1
= %(x”_l)Hﬂ(H”_l)HHﬂx” + E(X”_I)Hﬂ(H”_I)HV"+ (3.19)
1 1
+ E(Vn—l)HHnﬂXn + E(VH_I)HVn.

For a very large number of antennas, using the asymptotic property of massive SIMO, by
making use of the Law of Large Numbers, assuming that H*~! ~ H" and that the chan-
nel follows a Rayleigh distribution (H" ~ CN(0,Ig)) and as shown in [58], we know that

H(HHAH" 2%, 1, and thus

U
2 I = N st € Mye, (3.20)

u=1

where 91 is the joint-constellation set whose elements are obtained from the superimposed

combinations of the constellation points of each user together with their mean received power.

The detection of the transmitted data is performed via a maximum likelihood detection as
"= argrrglriln{k” — 2", "€ Mye}, (3.21)
taking into account that Eq. 3.19 can be rewritten as
=g+ 0", (3.22)

where 7 contains all the cross terms of the noise and inter-user interference.

Similarly, the differential encoding can be performed in the frequency domain (or a combina-

tion) by changing the role of n and k, applying a phase error compensation over the streams in
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frequency, as shown in [59].
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Chapter 4

Single user non-coherent cell-free
massive SIMO

In this chapter we propose a cell-free non-coherent (NC) massive single-input-multiple-output
system in a wireless uplink where a single-antenna user transmits to several multi-antenna
access-points (APs). NC detection assisted differential phase shift keying is the modulation
to be used in this system. It has the advantage that no channel state information is required in
the APs for the signal reception. Moreover, the NC data can be used to estimate the channel. We
show that a higher number of APs does not always translate into better quality in this system,
and we give insights on when to add extra APs. We also show how to select them when different
APs are accessible to the user. Last, we provide some numerical results that demonstrate our

analysis is correct and finalize with some conclusions.

4.1 Specific system model for the cell-free NC massive MIMO

We consider a generic massive MIMO system with A APs, with R, antennas in AP «a, and we
focus on a particular user with one antenna. In case of cooperation, it is assumed that the APs
are connected to a central processing unit (CPU) by means of fronthaul links, whose constraints

are not taken into account. It is assumed that the channel coherence time is defined as 7.

4.1.1 Channel Model

The propagation channel between the user and the AP a at time instant n is represented by h!
(R, x 1). In detail,
a a a

h! = /ar (h; +g) . (4.1)

where o] denotes the channel gain accounting for pathloss and shadow fading (large-scale

fading), h, (R, x 1) represents a LOS component, where all elements are equal to |, |e/%, so
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that b ~ (EZ, (a;;a)mg) and 67 ~ U(0, 27), with

n
P= e ()=t “2)
“ Kr+1 “ Kr+1

a

where K is the Rician factor, which characterizes the fading model and g (R, x 1), with
E{(g")(gl)} = (oh J)?R2 (R? is a normalized Hermitian matrix of size (R, x R,)), which
represents small-scale fading, i.e. the NLOS component. We assume that the channel in two
consecutive symbol time instants can be regarded as approximately equal [h?~1],.. ~ [h"],.,
for any antenna. The channel coefficients between APs are uncorrelated as E { (h?)# (h?,)} =

0 Va#d.

4.1.2 Proposed non-coherent cell-free massive SIMO

We propose a NC-CF massive SIMO (NC-CF-mSIMO) in which the channel estimation is
avoided since it is not needed to detect the transmitted data. Therefore, this proposal is not
affected by the limitations inherent to the channel estimation. Besides this, the NC system
will benefit from a multi-AP processing due to the fact that the spatial correlation is reduced

between APs and a higher number of effective antennas are utilized.

We focus on the particular case of the UL, where the user transmits a differentially encoded
signal at time instant n

2" =" 1" 1<n< N, 4.3)

where s" is the symbol belonging to a DMPSK constellation and z° is a reference symbol
known at the receiver side and necessary to perform the differential reception. Because the

information is only encoded in the phase, we know that (z"~1)*2" = s7.

The received signal at AP a and n-th time instant is
Yo = hga" + vy, (4.4)

where 2™ denotes the transmitted symbol at time n by the user of interest and v} (12, x 1)
represents the additive white Gaussian noise according to v ~ CN(0, (¢7,,)*IR, ). Finally,

the signal-to-noise ratio (SNR) in AP q is defined as p, = ag(aﬁa)”, where we set the power

of the transmitted symbols to one.
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In reception at each AP a, two contiguous differential symbols in the time domain are non-

coherently combined as

R, Rq
o= ) yr =Yy i, = > 2, - 4.5)
rqe=1 rqe=1

In a scenario with A > 1 APs (multi-AP), some selected variables z, are sent to the CPU and

Z(l S A (nl
n s

B ZaeAs Ra7

where A, indicates the subset of APs selected to send their z;; to the CPU for decision and 2"

z

(4.6)

is the variable over which the transmitted symbols are estimated according to [2] as
§" = argmin {|s" — 2"|, s" € M}, “4.7)
Sn

where 91 indicates the DMPSK constellation set with M elements. The proposed detection
process in Eq. 4.6 is made by first performing a distributed processing in each AP following
Eq. 4.5 and then the resulting variable 2] in each AP is sent to the CPU for a centralized
combining. This is proposed, rather than sending the raw data to the CPU and performing
detection as in [2], since the result is mathematically the same while the fronthaul would be
unnecessarily overloaded. A mean SNR for the APs is defined as

n

“ (4.8)

«
(030>

1 & 1 &
p= Zpa = Z
a=1 a=1

o |
o |

It is worth noting that our proposal does not need to estimate the channel as it is the case for the
coherent scheme, which is explained in Section 4.4. Therefore, this proposal is more efficient

in terms of throughput and complexity.

4.2 Distortion, Interference and Noise Terms in Non-coherent

Cell-free M-DPSK Massive SIMO

The distortion, interference and noise (DIN) terms in each AP a is characterized in this section,
since it will be useful to characterize the performance of each post-processing scheme proposed

in Section 4.3. To account for the case of APs with R, = 1, we have to analyze first the
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distribution per antenna, later per AP and last for several APs. Mathematical preliminaries that

are useful to understand this section can be found in Appendix 1.4.

4.2.1 Distribution of the received symbol in a single antenna

We characterize the distribution of [z;], by taking into account that the product of a circu-

T

larly symmetric variable by ™ or (z™)" does not change the variable distribution. With some

straightforward derivations, Eq. 4.5 can be expanded as

e, = (0], Mg, (") e + vy i, +
2210 " 157
‘ . (4.9)
S | VR | i M O P C i
[22]5) CAIS
where (and since [g"],., ~ [g?"!],, and [h,],, ~ [}_1271]“) each element expands as
2] = an (0], + [20;,) (B3], + ghlr) =
= o |hg|? + 2058 [0, 17, [g0]r. ) + f [[g0]r )%, (4.10)
) 2]
2] = Vag iy, hal, + Vgl lghlr. (@.11)
)2 )2
20 = Janbgly, Wil + Vaglehlr, Vil (@.12)
() )4

From now on, we drop the time notation ’n” for ease of reading. Using the properties of
variance Gamma (VG) and Gamma distributions, which can be found in [60-62], we have the

distribution of each term:

2
", {[Za]ﬁi)} ~VG (2,0, 0’;“,0) : (4.13)
2,3 { 2] [2)? } ~ VG (2, 0, Yo, o) , (4.14)
R 3 {20V [l } ~ CN (O, w0, (4.15)
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R 200} ~ N (0,202 P} ), 3 {200} =0, (4.16)

% {127} ~T(1aeo? ), 3{[z)(L7} 0. (.17)

4.2.2 Distribution of the received symbol at each AP

We calculate the distribution of the real part and the imaginary part of z, separately since they

will be different due to the differential data processing in reception by following [63].

Following the VG properties [60-62], the summation of R, elements (for a large R,) for Eq.
4.13 and Eq. 4.14 can be regarded (please note Eq. 4.14) sums 2R, terms), respectively, as

2Ra a I%CL o0
e <4Ra,0,1/ 8Ra % ,o) B2 AL (0, Rytra0? 002,) - (4.18)
aaha
Rao—éa Rg—o00 O—ZVl
’ o —= |, 4.1
VG | 2R,,0,4/ o .0 N’(O,R : (4.19)

contributing equally to the real and imaginary parts.

To obtain Eq. 4.15, we sum 2R, terms but take half the variance for the real part and half the
variance for the imaginary part. Thus, the distribution for both the real and the imaginary part
is

Rg—o00

CN (0, aqlhal?os,,) == N(0, Ractalhal?o7,,)- (4.20)

In a certain AP whose antennas are spatially correlated, the summation of the R, elements
in the AP for eqs. Eq. 4.16 and Eq. 4.17 can be calculated following the properties found

in [18,63,64] (please note these terms only contribute to the real part) as

N (0,202 |ha[*02 4) 2% N (0,202 hal?07 1T R 1) 4.21)
D(1, 0407 0) 222%% N (Ratao? 4, 0207 o[ Rall2) (4.22)

Grouping all the previous elements accordingly, via straightforward manipulations, the dis-
tribution of the received symbol Eq. 4.5 for APs with R, antennas and spatial correla-

tion defined by matrix R, can be computed assuming s = 1 without loss of generality, as
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Rza} ~ Nty g,y ) With
Pz} = Rata (07 o + hal*) = Raca, (4.23)

O30} = ¥aCha (7 ol Rall3 + 2/ha* 17 R4 1) +

(4.24)
+ 2_1Ra (20411012,7& + a;{a) ,
and J{z,} ~ N (uj{%}, Ug{za}> with
R,(2aq402%  + of
,LLj{za} = O, and O'%{Za} = a( ¢ ;7(1 Vya) (425)

The first term of Eq. 4.24 only depends on the propagation channel characteristics and the

second term equals to a% (o}’ which depends on the pathloss and the noise.

4.2.3 Distribution of the received symbol in the CPU

Recalling Eq. 4.6, the distribution of z can be computed as the summation of several normally

distributed random variables z, [63] as R{z} ~ N (,um, U%) with

R, > o2
i ZZ“E““S o and of, = Zacds Mz} (4.26)
acAs T (ZaGAS Ra)
and J{z} ~ N (p3,03) with
3 Ra(0} + 20, 402,)
5 =0, and o= =0cA_9 0 et 23 (4.27)

2 (ZaeAs Ra)

4.2.4 Special case of base stations with a single antenna

This is an interesting case of R, = 1, Va € A,, to show that the law of large numbers
still applies when sufficient APs are considered. Applying the properties of VG and Gamma
distributions [60-62], for Eqs. 4.13-4.17 and summing for R, = 1, Va for large number of A

APs, we have

(4.28)
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ZA 1 ol A— A o}
24 a= v,a [ee} v,a 4.2
VG | 24,0,\ =4 4,0 N{0.> =%, (4.29)

a=1
— A A —

CN(0, aa|hal?0} ) =2 N <0, > aa]ha\%ia) : (4.30)

a=1

A

N (0,202 |ha|?07 ) 222 N (0, > 2a(21|ha|20,217a> : (4.31)

a=1

A A
T(1, aq02,) 222 N (Z Qalh o Y agaﬁ’a> : (4.32)
a=1 a=1

We obtain Eq. 4.32 using the condition (), aaaia)?’ >> (3, agaia)z, which is true since
ozacr,%’a > agafm is always true, since o, 0,4 € [0,1], due to the fact that the pathloss can
never be larger than 1 and 01, , < 1 by definition, and we also assume A to be very large.
To summarize and to simplify, in case that AP a has only one antenna, the distribution of z,
is the same as the one defined with Eqs. 4.23, 4.24 and 4.25, particularizing with ||R,||3 =

17R,1 = 1. Thus, the distribution of z for R, = 1 is valid using Eqs. 4.26 and 4.27.

4.2.5 Special case when compensating pathloss in each AP

In case the pathloss o, is compensated in each AP locally before sending the data to the CPU,
the signal in each AP would be defined as 2, = z,/aq, and the corresponding mean and

variance would be pgz,1 = Ra, agf,‘{%a} = Ué{za}/az, 13{z,y = I and O'sz{ga} = crg{za}/ag.

Thus, the centralized signal would be defined as 2 = > - 1 24/ 4c 4, Ra» With mean and

variances

D acd, O‘zﬁ”%}.{za}
(Coca, Ba)’
ZaeAs a;*Ra(og + Qan,aag,a)
2 (ZaeAs Ra)2 '

Y

Por{z.} = L o =
(4.33)

Hagz.y =0, 03 =

4.2.6 Derivation of the SER, BER and SINR

Due to the symmetry of DMPSK constellations, the symbol error rate (SER) (P;) and SINR (p)

of the constellation can be calculated using any symbol of the constellation. In this case, we
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particularize for the symbol s = 1, as done in Section 4.2.2, without loss of generality. The
SER can be approximated by following the approach in Appendix A of [11] as

2 2
rcos("/)—um) _ (T‘sin(’y)—uj
(&

ffﬁyM Jo 6_( Vi Ve ) rdrdy

Py(A) ~1— (4.34)

2 2
27mmaj

The double integral of Eq. 4.34 can be simplified by doing the following change of variables

(03 — 02) sin?y + o2 ; 202 iz COS Y o2ud, 4.35)
a = — == .
20%0% ’ 20%0% ’ 20%0% ’
and defining and solving the following integral
0o _(TCOS(’V)—um)2 _(Tsin(v)—uj)Q 00 )
/ re V2om e V23 dr = / re” Ty —
0 2 0 (4.36)
. V/mheta (erfc (ﬁ) + 1) +2ya
€ 4q3/2 ’
so the double dimensional integral of Eq. 4.34 turns into the one dimensional integral as
2
w/M \/Ebe%a (erfc (ﬁ) + 1) +2v/a
Py(Ag) =~ 1 —/ e ¢ 52373 dr. 4.37)
/M 8royo5a /

The integral can be solved numerically while a closed-form expression of Eq. 4.37 is math-
ematically intractable. The p can be calculated as the inverse of the sum of the variances of
the real and imaginary parts as shown in Eq. 4.38. The numerator in Eq. 4.38 grows with the
square of the sum of the total amount of antennas while the denominator grows with the sum of
the square of the antennas in each AP. Then, the numerator grows faster than the denominator

when several APs are used, showing that multi-AP processing benefits the NC scheme.

2
A
(Za:l Ra)
Sy (Baloba +203,) + 03 ,(0F [ Ral} + 2/haP17R,1))

p= (4.38)

(SR

p = -
8a=0 2;4:1 R, (Ué,a + 203’(1 + Ufw(l + |ha’2))

(4.39)
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(o m)

p = —
da=1 Z:j:l Ra (Ué,a + 20—1%,0, + Raaigz,a(l + |ha|2))

(4.40)

We can further approximate Eq. 4.37 to a closed-form expression that does not require a numer-
ical evaluation by assuming a circularly symmetric complex Gaussian distribution and using the

expression for PSK error probability of [65] as

RJAQ;wQQ(V@;$n<g%>). (4.41)

Last but not least, the BER can be straightforwardly calculated assuming Gray mapping as
Pb(-As) = PS(AS)/10g2(M)'

4.2.7 Remarks about the effects of spatial correlation

It is worth noting that the previous expressions can be particularized for different scenarios.
Assuming o, = 1 for all APs, the results agree with those obtained in [66]. Furthermore,
for A = 1 and uncorrelated Rayleigh fading (Ea, J}QL?QR@) = (04,1,), we obtain the results
of [11, Appendix Al].

Following the model [Ra]r v = (52’"“_7‘2' with 0 < 6, < 1, where |r, — 7| is the distance

asl q

between the antennas 7, and 7/, in AP a, the terms ||R,||3 and 17R,,1 are simplified to

1 — §2Fa
Ra(0a = 0) < [|Ra[l3 = Ra—7—%— < Ri(0a = 1), (4.42)
T 1—§fa 2
Rd%:0)§11m1:Ra1_5 < R%(5, =1). (4.43)

a

Moreover, any spatial correlation model can be adjusted to the previously presented one by
properly adjusting d,, so the latter can be used for analysis purposes. If correlation increases,
both Eq. 4.42 and Eq. 4.43 increase, thus increasing Uga{za}’ which is the variance of Eq.
4.5. Therefore, the SER increases and the p (defined in Eq. 4.38) decreases, degrading the
performance of the system. Eq. 4.39 shows the p for the extreme cases of §, = 0 and §, = 1.
It can be observed an R, term in the second summand in the case d, = 1 that multiplies
the variance of the real part, while for §, = 0 that term is not present. Besides, it can be

observed in both cases that the second summand of the denominator tends to 0 with increasing

35



Single user non-coherent cell-free massive SIMO

K, (decreasing both |h,|? and a,% o4+ SO a strong Rician component benefits the performance).

Interestingly, these conclusions are similar to those obtained for coherent CF schemes in [67].

Last but not least, it can be observed that the performance improves with the square of the sum
of the number of antennas in each AP while it worsens with the sum of the square of the number
of antennas in each AP (for the worst case of §, = 1), so the performance tends to improve

when several APs are used, instead of just one.

4.3 Cell-free AP selection in Non-coherent Massive SIMO based
on DMPSK

In this section, we propose four alternatives to select a subset A, among a set of accessible
APs A to maximize the performance of the coordinated multipoint reception in non-coherent
massive SIMO (NC-mSIMO). The first one is a brute force search (BFS) which tests all the
possible AP combinations, so it is the best in terms of performance but the most complex one.
The second one performs a successive AP selection (SAPS) in a greedy way (each iteration
tests all the remaining combinations), so it has a lower performance and a lower complexity
than the BFS. The last one performs a simplified successive AP selection (each iteration tests
including the next best AP), so it is the one with the lowest performance but also the one with
the lowest complexity. A fourth proposed alternative, even though not explained, is to select all
the “visible” APs by the user. We will show the performance and complexity via simulations

in Section 6.6.

The z, of Ay are sent to the CPU and processed following Eq. 4.6. The performance measure
in our case will be P;, defined in Eq. 4.37. The goal is to select a subset A; among a set of
accessible APs A so that Eq. 4.37 is minimized. We define the following optimization problem,
which is discrete and deterministic

min fobj = PS(AS)7

As, As

st. Ase A, Al = A, (4.44)

YTa, ={Ka,,an,,004,,Ra,,Ra,},

where Aj is the cardinality of subset Ag and Y 4, is a set of parameters of the subset A, needed

by the CPU to select the best subset. These parameters are, for each AP in A, the Rician factors
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Technique | Compl. =1 | A=5 | A=10 | A=20 | A=300
BFS max 24 _1q 0 31 | 1023 | 1M | 2390 ~ o

SAPSmax | 4#4 | 0 | 15 | 55 | 210 | 45K
SAPSmin | 24—1| 0 | 9 | 19 | 39 599
sSAPSmax | 24—1 | 0 | 9 | 19 | 39 599
sSAPSmin | A+1 | 0 | 6 | 11 | 21 301

Table 4.1: Complexity of different APs selection techniques

K 4,, the square of the large-scale fading o 4,, the noise power o, 4., the number of antennas
R 4, and the channel spatial correlation matrix R 4,. The channel parameters required to solve
the optimization problem defined in Eq. 4.44 vary in a very large temporal scale. The subsets

Aj can have 1 to A APs, with a total combinations of 24 — 1 possible different subsets.

The computation of Ps depends on M, which is the constellation size of DMPSK. For fixed
agﬁi and a%, a larger M results in a smaller integration area so a larger P,, while a smaller
M corresponds to a larger integration area and thus a smaller Ps. Therefore, we just have to
compute the P; for one constellation size and the effects of a%i and a% will be the same for

other constellation sizes.

4.3.1 Brute-force search (BFS) AP Selection

The optimization problem defined in Eq. 4.44 may be solved via a brute force search to obtain
the set A™", which is the APs set that minimizes the symbol error probability. This approach
gives the best performance in terms of BER, so it serves as a benchmark, while its main limita-
tion is its complexity. This would not be a limitation in case very strong computing capabilities
are available for a reasonable number of APs. It needs to calculate the Ps Eq. 4.37 a total

of Ele all fia)! = 24 — 1 times. This is caused by the fact that we must look for combi-
nations without repetitions of A APs. Nevertheless, this solution is useful since it represents
an upper-bound in terms of performance, useful to compare it against suboptimal solutions. A

pseudocode for the brute force search is provided in Algorithm 1.
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Algorithm 1 Brute Force Search APs Selection
1: procedure select APgFS(A;, T 4,)

2 [Ag] + create AllCombs(A,) > Create All Combinations
3 [PS’ Al computePs(fiS, Ta,) > Compute P of A,
4: [./ersnin] — selectMinPs(Ps’ A, ,/ls) > Select AP set with minimum P
5 return [Vzlsmm] > Return base station set with minimum P,
6: end procedure

4.3.2 Successive AP selection (SAPS)

One possibility to obtain a good performance while keeping the complexity low is to perform
a greedy algorithm that successively selects the APs in the following way (see Algorithm 2).
Please note greedy algorithms have been interesting in other selection strategies problems [68],
even though the approach in this work is clearly different. First, the AP with the lowest individ-
ual Py (called P 1) is selected, and is named A;. A total of A calculations of P, are needed in
this first iteration. Among the A — 1 APs left, we select the one that, combined with Ay, further
reduces the P, (called P;2), needing a total of A — 1 calculations. This process is repeated
until P; > P,; 1 or until all APs are included in the set. The maximum complexity of this

approach would be
A-1

2
Z(A—i):A ;A, (4.45)
=0

while the minimum complexity would be 24 — 1, which is the case in which not a single second

AP improves the performance.

4.3.3 Smart Successive AP selection (sSAPS)

The last proposal to obtain a good performance while keeping the complexity low is to perform
a successive selection of APs in a smart way (see Algorithm 3). This approach can be seen as
a simplified greedy approach in which the APs are successively selected first selecting the ones
with a better performance. The Ps of all APs is computed and they are sorted in ascending order,
taking a total of A computations of Ps. The AP with the lowest individual Ps (called Pk 1) is
selected, and is named A;. The AP with the second lowest P; is combined with A and the P;
of the combination is calculated and named P ». This process is repeated until Ps; > P ;1
or until all APs are included in the set. The maximum complexity of this approach would be

2A—1, which results from computing the Ps until all APs are included in the set. The minimum
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Algorithm 2 Successive AP selection (SAPS)

1: procedure select APsAPS(A;, T 4,)

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:

2
3
4
S:
6
7
8
9

[Ps] < computePs(Ag, T 4.)
[P, As,T 4,] < orderPsAs(P,,As,Y 4,)
[Prin, PrRin] « [1, Py(1)]
1+ 1,set<+1
while P"" | P | do
i+—i+1
for k from (i to A) - set do
[setTemp2,setTemp] < [set,[set,k]]
[P5™] + computePs(Ag(setTemp), T 4, (setTemp))
it P P then
Prin P
setTemp2 « setTemp
end if
end for
set +— setTemp2
.lesmn — ]ls(set)

end while

> Compute P of As

> Order APs

> Init Ps min to 1 and 15 Ps
> Initialize Iter

> Loop over all APs

> Loop in each iteration

> Update set of APs with min Ps

> Assign set of min Ps

min
return [A, ] > Return base station set with minimum Py

20: end procedure

complexity would be A+ 1, when the second AP does not reduce the overall P. It is interesting

to check from which amount of APs the algorithms compare in terms of complexity between

them for sSSAPSmin < sSAPSmax < SAPSmin < SAPSmax < BFS, as

A+1§2A—1§M

<24_154>2 (4.46)

4.3.4 Figure of Merit (FoM) to compare selection techniques

One measure to compare the techniques is to account for both the complexity (C'), either time

or computational, and the performance of each technique, so we propose the following

FoM = (—log;o(Ps)) ™" x 100C,
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Algorithm 3 Smart Successive AP selection (sSAPS)
1: procedure select APsBFS(A;, T 4.)

2 [Ps] < computePs(As, T 4,) > Compute P, of A
3 [ﬁs,;ls,TAs] < orderPsAs(Ps,As,T 4,) > Order APs
4 [Py, PP« [1, P,(1)] > Init Ps min to 1 and 15 Ps
5 i1 > Initialize Iter
6:  while P" ; P | do > Loop
7 [P;ﬂn’;‘:m] — [Psn,linwzls(lii)] > Assign min Ps
8 i—i+1

9 [Prin] + computePs(As(1:0),Y 4, (1:0)) > 15 to ith Ps

10: end while
11: return [;lrsmn] > Return base station set with minimum P;

12: end procedure

which serves as a figure-of-merit (FoM) decision variable between techniques. A multiplication
by 100 is done to avoid rounding errors in the results. Lower Ps; come at the expense of greater
complexity, but it may be possible that the P; does not decrease much while complexity greatly
reduces. This FoM is useful in fast varying channels in which we aim at minimizing the AP

selection execution time in the CPU.

4.4 Comparison parameters for NC-CF vs CF

The aim of this section is to show that, in deployment scenarios of stringent conditions, such as
fast varying channels and/or low SNR, the non-coherent cell-free (NC-CF) proposal can outper-
form its coherent counterpart. First, we explain the baseline coherent CF massive MIMO with
a MMSE-based fully centralized processing scheme. Then, we consider the channel estimation
overhead problem of any coherent CF scheme. Later, we do a qualitative analysis of the delay
and complexity. Last, we describe the performances of the coherent and NC schemes in terms

of BER.

4.4.1 Baseline coherent cell-free massive MIMO

We consider the optimal approach in terms of p for the coherent CF scheme, which is the

MMSE-based fully centralized processing scheme (see [69] and references therein). It requires
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tight synchronization between APs, large computational resources, and fronthaul links capable
of managing considerable amount of data traffic. Notice there are plenty of other processing
strategies when it comes to coherent CF, such as the commonly used distributed maximum ratio
(MR) processing [70], but, in order to maintain fairness in comparison, we are only showing

the MMSE-based as it represents the spectral efficiency upper-bound.

In contrast to NC-CF-mSIMO, its coherent counterpart requires performing channel estimation
(which can be either performed locally at each AP or at the CPU) for the later construction of
the combining vector. During the UL training phase, the user terminal will send its pilot signal
to every AP resulting in

(4.48)

n _ n n
Ypa = Da®" + vy,

as the received training signal at AP a during time instant n. The unique pilot sequence is
" € 7p x 1, while 7, are the pilot resources allocated for the channel estimation and v, , is the
AWGN term at time instant n whose entries are distributed as CA(0, (o7:,,)?). In the centralized
MMSE scheme, each AP will typically act as a relay that forwards y, , to the CPU for channel
estimation. The channel estimates will be acquired by MMSE estimation [71] and will be
distributed as h” ~ CA/'(h], Tp(0pa)” 2R (P7)~IR™). The channel estimation error is e =
h} — ha which follows e ~ C/\/’(ORQ,EZ) with B = Ry — 7(0p,)" ZRR(PT)TIRM.
Thanks to the MMSE channel estimate we ensure that €], and ha are 1ndependent, the same as
hy and le (a necessary condition for the p. definition that will be shown in Eq. 4.52). The
channel estimate is then

s E{ypa(B)" }

< n

TE {yn.pa) }yp”’ (4.49)
=hy +/7(00,) 2RE(PL) ) s

withh, = h? —~E{h?}, and ®72 (07,)?R} +1Ip,.

During the UL data payload phase, the user will send its data symbol to every AP and each AP
to the CPU, i.e.
=hpz" + v, (4.50)

where v accounts for the AWGN term during time instant n and is distributed as

CN (O7 (a;‘)2). We can express the decoded data symbol during the UL data payload phase
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as

A
i =

A
(b)) vy =/pu > (b7) hiz™ + (b)) x7, (4.51)
a=1

a=1

where the combining vector b]l must be searched to maximize the p of 2". Given the instant

CSI knowledge at the CPU and defining E" = diag(E?, ..., E") and using [72], we have

n 2
(o%.2) 2| (b h

u,a
pe = . (4.52)
© ) ((07,) 2B + Lag,) by
Defining h™ = [hY, ..., h%], and as shown in [53], the combining vector that maximizes Eq.
4.52 is
b" = [bl, ..., b’]
(4.53)

= (opa) 2 (o3 2 (B" ()T +E") + Lag,) 1"

4.4.2 Channel estimation overhead

Assuming a total of 7. wireless resources in a coherence block and 7, pilot resources needed
for the channel estimation, the efficiency of the link, caused by the pilots usage is
Tp

T=1-——+.
Tc

(4.54)

If 7. is close to 7, the efficiency of a coherent approach will be very low, even zero in the
extreme case (7, = 7.), as shown in [11]. Contrarily, 7, = 0 is always true for the NC scheme,

since it will not have any pilot overhead.

4.4.3 Delay and complexity of the detection

Not only does the channel estimation reduce the efficiency of the link, but it also increases
the delay in the data reception with the channel estimation delay t.,gg. Once the channel is
estimated, it must be compensated with any of the filtering/precoding techniques in the litera-
ture, taking a compensation time tcomp. Then, there is a total delay of tchgs + teomp before the
data can be detected. On the contrary, the NC scheme only needs to perform the differential

decoding and averaging, which is lower than .4, as shown in [73].
Yet another aspect of controversy of coherent CF schemes are their computational demands
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together with the fronthaul links usage. Each AP is required to send 7,2, complex scalars
to the CPU for channel estimation, while the CPU itself will be required to perform (R, +
R?) A complex multiplications for computing channel estimates. On the other side, APs will
send (7. — 7,) R, complex scalars to the CPU for the UL data reception. Last but surely not
least, the computation complexity of the MMSE combining vector will grow cubically with
R, and A. Please, refer to [74], among other references, for a better understanding of the
computational needs in coherent CF massive MIMO networks. Comparatively, the complexity
of the NC-CF scheme is much lower. Each AP will perform R, complex multiplications and
a complex summation of R, terms. It will send one complex scalar (z,) to the CPU, which
will only perform the summation of a maximum of A complex values. It is clear than the
computational complexity and the fronthaul overload is much lower for the NC than for the

coherent counterpart.

4.44 Performance comparison

A higher complexity of the coherent processing is justified when the performance is clearly
improved. However, we will show that there are situations when it is not the case. Thus, to
compare the coherent and NC-CF schemes in terms of performance, we will use the SER. Our
intention is to use a realistic measure to compare among schemes. In order to make fair com-
parisons, the same data efficiency must be ensured for both the coherent and the NC schemes.
This same data efficiency can be obtained by adjusting the effective p according to the channel
estimation overhead. The SER of the NC is defined using Eq. 4.37, and the SER of the coherent
scheme will be defined following [65] as

P . =2Q <\/27'pc sin <]\Z>) , (4.55)

[

where p. denotes the SINR of the coherent scheme after joint processing and can be calculated
as Eq. 4.52. The 7 factor is included to adjust its value accounting for some resources that
are used for channel estimation. Let us clarify this with an example: assume the number of
symbols available for the UL of a TDD system, due to the coherence time length, is 2 symbols.
In this case, for the coherent scheme at least one symbol is needed for channel estimation while
the other one is needed for data transmission, while for the NC scheme, both symbols could be
used for data. Thus, to obtain the same data efficiency, the overhead parameter would be set to

7 = 0.5 to adjust the effective p. to compute the P ..
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Even though it is out of the scope of this work, another problem with the coherent scheme is
the channel estimation error, which comes from the fact that the estimated channel is imperfect,
caused by several reasons, including but not limited to noisy estimation and channel variability

[75].

4.5 Numerical Results of the cell-free NC massive MIMO

In this section we show some numerical results. First, we verify our analysis of the symbol
error probability P, and the SINR p. Second, we show a comparison in terms of performance
and complexity for the different APs selection techniques developed in Section 4.3, and show
that the computation time relates directly to the complexity. Last, we show the performance
in a scenario with realistic 3D MIMO channels and a realistic AP deployment, to show that
our proposal can outperform the coherent CF massive MIMO scheme in fast varying channels

and/or low SNRs.

The results in this section are obtained for a constellation size M = 4, a maximum of 8 available
APs and a random number of antennas in each AP between 1 and 256 (in powers of 2), selected
randomly. The UE is placed at the center of a 100m x 100m square, and the APs are uniformly
placed in this square at each iteration of the Monte Carlo simulation. The pathloss follows
a simplified version of the 3GPP urban microcell described in [51]. It is expressed as L]} =
Lo + 10plog,o(dl) + X', where Ly is the pathloss at a reference distance of 1 meter, p is the
pathloss exponent that depends on the environment, d; is the distance between the center of
the array of the AP a and the user and x|, is the shadow fading component which is modeled
as xir ~ N(0, 0)2(3). Thus, the channel gain is defined as o = 10~ %a/10, The Rician factor
K is distributed as 10log;, (KI') ~ N (Mlcg, a,%g). The spatial correlation of the NLOS
component is defined by ¢ and follows a random uniform distribution between 0 and 1 for
each AP. All these parameters are used as described in the following sections unless otherwise

stated.

4.5.1 Corroboration of Statistical Analysis for BER and SINR

In this section, we check that the theoretical analysis of the BER and SINR is correct and we
get some insights on the effect of spatial correlation on the performance of NC-mSIMO when a

multi-AP processing is performed. We show both the theoretical and the Monte-Carlo (obtained
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via simulations) results of the BER and SINR for the correlation model defined in Section 4.2.7.
Some channel parameters are fixed and modified with respect to the previous description, for

representation purposes.

First and foremost, we have performed a Kolmogorov-Smirnov (KS) test to check if both the
theoretical and the Monte-Carlo distributions obtained for z can be regarded as the same. When
dg < 0.93, values that can be regarded as representative of realistic channels, the theoretical
and Monte-Carlo distributions were regarded as the same for a standard significance value of
5%, confirming our analysis. On the contrary, for 6, > 0.93, the test for the real part of
the distribution fails, which indicates that the distributions cannot be regarded as the same.
Nevertheless, the goal is to check whether the analysis is valid for the BER and the SINR and
to check if there is a discrepancy between the theoretical and Monte-Carlo results. Figs. 4.1 and
4.2 show that even though the discrepancy between the BER and SINR obtained by simulations
and with the analysis in Section 4.2 is greater for high values of §, the approximations still
provide accurate results. The small discrepancy comes from the fact that the approximation of

Gamma to Gaussian distributions is less valid with larger spatial correlation.

Fig. 4.1 shows the BER for K, = 2, against § from 0.7 to 1, for p = —5dB and p = 10 dB, with
and without pathloss compensation. Both simulations and theoretical values are shown. We can
observe how the BER increases with §,, since channel hardening is reduced. In Fig. 4.2, we
can observe the p from the theoretical analysis and the Monte Carlo simulation versus different
pq (the same for all APs), for K, = 2 for all APs, with and without pathloss compensation.
The same conclusions can be extracted as those for Fig. 4.1. A very good agreement can be
found in both figures for the theoretical analysis and the Monte Carlo simulation. It is worth
noting that more simulations have been done for BER and p versus varying K, and varying 7,

not presented here for conciseness since they bring the same conclusions.

4.5.2 AP selection in NC-CF for 8 APs

This section shows how the different proposed AP selection techniques behave. The noise

power (07)? is defined such that the mean SNR in the APs goes from -10 dB to 35 dB.

We show how the BFS approach outperforms the SAPS and the SAPS outperforms the sSAPS
in terms of BER performance, while the opposite happens when we analyze the complexity

in the AP selection approach. By looking at Table 4.2, one can see how the technique that
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Figure 4.1: BER vs §, for K, = 2 Va € (1,---, A) and two different p values, with (w) and
without (w/o) pathloss compensation. Monte Carlo (dashed line) versus theoretical

analysis (continuous line).
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Figure 4.2: p (linear) vs p, for K, = 2 VYa € (1,---, A) and two different 6, values, with
(w) and without (w/o) pathloss compensation. Monte Carlo (dashed line) versus

theoretical analysis (continuous line).

takes the longest is the BFS, followed by the SAPS and ending with the sSAPS which is the
one that takes the least time. Comparatively, the All AP approach is better than the single
AP but worse than the others, which remarks the fact that some APs will potentially decrease
the overall performance, mainly due to the fact that some APs are at a very large distance or

do not have enough antennas to compensate the large pathloss. That is why an AP selection
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Figure 4.3: BER vs mean SNR in dB for 8 APs comparing with (continuous line) and without

(dashed line) pathloss compensation in each AP.

Technique | BER (p = 10dB) | Time (secs) | Nops | FoM
One AP 7.53e-03 0.24 8 12
All AP 2.03e-04 0.07 1 2

BFS 1.14e-06 13.5 255 | 227
SAPS 8.1e-06 2.53 15-36 | 50
sSAPS 2.12e-05 0.42 9-15 9

Table 4.2: BER, Time, Nops and FoM for different AP selection techniques for A=8 and p = 10

dB with pathloss compensation.

technique is of interest. Consequently, the performance is the best for the BFS, followed by the
SAPS and ending with the sSSAPS, which has the lowest performance. This fact is supported
by looking at Fig. 4.3, which shows the performance when pathloss compensation is and is
not performed locally at each AP before combination processing at the CPU. It is interesting
to note how the pathloss compensation in each AP before the central combination processing
affects the performance. In the low SNR it is slightly better not to compensate the pathloss,
while in the medium to large SNR it is very convenient to do so. To summarize, it can be seen
that the best BER is given by the BFS, followed by the SAPS and ending with the sSSAPS. The

opposite happens for the complexity.
Nevertheless, to make a fair comparison among techniques, we utilize the FoM defined in
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Technique Centr. MMSE | Proposed NC-CF
Exec. Time (ms) 918 34

Table 4.3: Execution time coherent versus NC.

Ner | Ap=15 | Ap=30 | Aj=60 | Ap=120 | Ay=240
fo=07] 7 15 29 - -
fo=36| 14 2.8 5.6 - -
fe=27 - - - 1.5 3

Table 4.4: T.. to T’ ratio (Ncr), for v = 500 km/h for different f. in GHz and Ay in KHz.

Section 4.3.4, for which the lower the value, the better the technique. By looking again at Table
4.2, in which C from Eq. 4.47 has been substituted by the execution time, it can be seen how
the best approach according to the FoM is the All AP followed by the sSAPS. Comparatively,
the sSAPS increases the performance about two orders of magnitude while less than doubling
the execution time, with respect to the “One AP approach. On the contrary, the decrement in
performance with respect to the BFS is about two orders of magnitude but the execution time
is about 28 times larger. While we do not include the results for a low p for succinctness, the

best approach will be the sSAPS.

4.5.3 AP selection in NC-CF for 1 to 7 APs

In this section, an increasing number of APs from 1 to 7 has been simulated to find out which
AP selection approach is best in this range. We do not include graphical results for succinctness.
By looking at Table 4.5, we can see how the BER performance is the best for the BFS, followed
by the SAPS, then the sSAPS and finally de All AP. Contrarily, the execution time follows
the opposite behaviour. Nevertheless, the FoM shows that the best approach that balances the
execution time and the BER performance is the ”All AP” selection technique. Similar to the

previous section, for a low p the best approach will be the sSAPS.

For fast varying channels, the best is to select the sSSAPS for low p values and the ”All AP”
for high p, the former without channel compensation and the latter with channel compensation.
For slowly varying channels with low p the best is to avoid channel compensation and use the

BFS or the SAPS for 2 to 4 APs since they have the best performance with a similar execution
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Figure 4.4: BER vs mean SNR in dB for 200 single-antenna APs comparing with (continuous
line) and without (dashed line) pathloss compensation in each AP (no BFS shown

due to complexity limitations).

time. For 5 and 6 the best is to use the SAPS, for 7 and up to 20, the sSAPS is the best option.
Last, for more than 20 APs the best is to utilize the ”All AP” selection technique.

4.5.4 AP selection in NC-CF for 200 APs with a single antenna

In this section, we simulate 200 APs with a single antenna, and perform all the proposed AP
selection techniques except for the BFS, since the complexity is extremely large even for offline

simulations.

By looking at Fig. 4.4, we can see that the best performance in the low p is obtained for the
All AP, SAPS and sSAPS without pathloss compensation or for the sSSAPS and SAPS with
pathloss compensation. Please note the results for SAPS are included for illustration purposes,
since the complexity would still be very large. In the high p all the techniques with pathloss
compensation outperform the ones without it, and out of them, the All AP seems to be the best
selection due to the fact that it has no complexity in terms of AP selection but performs very
well. In the intermediate p range we propose to use the sSAPS with pathloss compensation,

since it presents the best balance between complexity and performance.
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4.5.5 Comparison between coherent and non-coherent schemes

In this subsection we compare the NC and coherent approaches of the CF scheme, by means of a
Monte Carlo simulation. We consider a multipath time-varying channel and an implementation
with OFDM modulation according to the 5G new radio numerology. The coherence time is
calculated as 7, = 0.15f 51 [57], where fp is the maximum Doppler frequency. The time
correlation effects are implemented following the autocorrelation model of (2) in [76] and we
assume the frequency offset (FO) of the LOS component is corrected with a FO correction.
The OFDM symbol duration is 75 = 1/A, where Ay is the subcarrier spacing of the OFDM.
We define a ratio of coherence time to the OFDM symbol duration as Nop = T, /T, which is
given in Table 4.4 for 5G scenarios at the maximum foreseen speed of 500 km/h. Only values
compatible with the allowed combinations of carrier frequency ( f.) and subcarrier spacing (A r)

in the 5G standard are shown; otherwise they are marked with “-” in the table.

We consider a multipath channel with a delay spread of o, < 1 microsecond, so that the
minimum coherence bandwidth is B. ~ 1/(50,) = 200 kHz. The 5G standard [77] is followed
with the pilot placing for the coherent scheme, where 4 out of 14 OFDM symbols correspond
to pilots in each slot. In this configuration, 7 = 10/14 which affects the mean SNR for the
coherent scheme by penalizing the BER as shown in Eq. 4.55. The AP configuration is the
same as that of Section 4.5.2, and we only perform the All AP selection approach together with
a pathloss compensation in each AP to ensure a fair comparison between coherent and NC,
since the AP selection is proposed for the NC scheme while an AP selection scheme for the

coherent one is out of the scope of this work.

The reception process of the coherent scheme is composed of 3 steps, them being channel
estimation, channel compensation and detection, while the NC scheme is composed of the
differential decoding and detection. We compare the coherent centralized MMSE and the NC-
CF proposal of this manuscript. Regarding the complexity, and for reproducible purposes,
the times shown here have been obtained for a single-thread AMD Ryzen 7 2700X 3.7 GHz
general purpose processor. The time shown in Table 4.3 is for one iteration of the reception
process of each technique. It is clear from a complexity point of view that the proposed NC-CF
is much more efficient than the coherent approach, mainly because pseudo-inverse calculations

are avoided.

Fig. 4.5 shows the results for different Nop values for 1 user for the coherent versus the NC
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Figure 4.5: Comparison between coherent centralized MMSE and NC for different NoT values

for 8 APs for the All AP selection approach with pathloss compensation.

scheme for a QPSK constellation. It can be seen that, for high SINR, the NC outperforms the
coherent scheme except for Nor > 10, since in this sense the channel is quasi-static and thus
the coherent outperforms the NC. For Nor < 5, the NC outperforms the coherent scheme for
all SINR values, due to the fact that the NC is more robust against channel variability. Also,
the NC outperforms the coherent counterpart in the low SINR regime even for large Nor, due

to the fact that NC avoids the channel estimation, which is largely erroneous for low SINR.

4.6 Concluding Remarks for cell-free NC massive MIMO

In this chapter, we propose the combination of Cell-free massive SIMO (CF-mSIMO) and NC
processing, which solves some weaknesses of the single-cell NC and the coherent CF-mSIMO.
We have first performed a theoretical analysis of the effect of Rician channels with spatial cor-
relation on the SINR and SER of single user UL NC massive MIMO systems. We have then
proposed several AP selection techniques for the proposed CF massive MIMO based on NC
processing, to maximize the performance. These AP selection techniques are the BFS, the
SAPS, the sSAPS and the "All AP”. The BFS has the best performance and largest complex-
ity, while the ”All AP” has the smallest complexity. Later, we presented some characteristics
and parameters to justify in which cases it makes sense to use NC over the coherent CF, de-

pending on the channel estimation overhead, the delay and complexity of the detection and the
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performance comparison in fast varying and/or low SNR scenarios. Last, numerical results are
provided to corroborate the theoretical analysis, to compare the time and performance of the
AP selection techniques for different scenarios for the proposed CF NC massive MIMO and to
compare the performance of the coherent and the NC CF for time varying channels. It is worth
noting that the best AP selection approach for a low number of APs (the specific amount will
be deployment dependent) and low SINR is the sSAPS without pathloss compensation, while
for a very large number of APs or a high SINR the best is to select all the “’visible” APs by the
user with pathloss compensation. For the special case of single antenna APs, the All AP with-
out pathloss compensation is the best option in the low SINR range, the sSSAPS with pathloss

compensation in the intermediate range, and the All AP the best in the high range.

This work contributes to the improvement of the performance of NC schemes combined with a
CF processing approach. It has shown the viability of the proposed NC-CF and its advantages
over a single cell processing and over its coherent counterpart. This is a significant improve-
ment with respect to previous NC approaches in the literature and paves the way to achieving
even better capabilities, particularly in scenarios where NC schemes are known to outperform

coherent communications.
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A | Technique | BER (p = 10dB) | Time (secs) | Nops | FoM
One AP 9,529¢-02 0,057 2 5,6
All AP 4,907e-03 0,046 1 2,0
2 BFS 4,500e-03 0,182 3 7,7
SAPS 4,903e-03 0,104 3 4,5
sSAPS 4,903e-03 0,103 3 4,5
One AP 5,171e-02 0,086 3 6,7
All AP 1,093e-03 0,051 1 1,7
3 BFS 6,805e-04 0,392 7 12,4
SAPS 8,637e-04 0,240 5-6 7,8
sSAPS 1,009e-03 0,188 4-5 6,3
One AP 3,094¢-02 0,113 4 7.5
All AP 3,827e-04 0,055 1 1,6
4 BFS 9,904¢-05 0,797 15 19,9
SAPS 1,608e-04 0,460 7-10 | 12,1
sSAPS 2,653e-04 0,252 5-7 7,1
One AP 1,923e-02 0,143 5 8,3
All AP 1,597e-04 0,057 1 1,5
5 BFS 1,350e-05 1,623 31 33,3
SAPS 3,456e-05 0,794 9-15 | 17,8
sSAPS 9,327e-05 0,302 6-9 7.5
One AP 1,272e-02 0,164 6 8,6
All AP 1,888e-04 0,058 1 1,5
6 BFS 2,337e-06 3,208 63 57,0
SAPS 1,340e-05 1,198 11-21 | 24,6
sSAPS 7,527e-05 0,332 7-11 8,1
One AP 8,188e-03 0,198 7 9,5
All AP 1,978e-05 0,061 1 1,3
7 BFS 7,230e-07 6,780 127 | 110,4
SAPS 8,436e-06 1,822 13-28 | 35,9
sSAPS 1,533e-05 0,374 8-13 7.8

Table 4.5: Comparison of different AP selection techniques and p = 10 dB.
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Chapter 5

Pilot-less channel estimation with
detected Non-coherent data

In this chapter, we propose a novel pilot-less channel estimation technique based on the use of
reconstructed NC data that has been detected applying the procedure proposed in Section 3.3.
This pilot-less channel estimation technique mainly allows to substitute the pilot signals in the

PSAM approach by NC data, thus increasing the efficiency of the communication.

5.1 Proposed pilot-less channel estimation

Assuming a data TX as proposed in Section 3.3, and recalling the mathematical notation, we

have that the received signal in a certain BS for a certain user would be
vy, = hx +v", 5.D
which can be differentially detected as

JO ) ¢ R

o 7 [ 5.2)

where the data sent by user u at time instant n is distorted by the presence of noise and the
differential processing. The data symbols (s!) can be obtained at the BS receiver applying, for

instance, the maximum-likelihood (ML) criterion [78] as

8y = argmax { f,5(2) | su)} (5.3)

where f,(z; | s3;) is the conditional probability that 2;, is received having transmitted sj;.

Once the decision is taken on the NC data symbols, they can be used for the channel estimation

as follows. Firstly, the differential symbols are reconstructed (5! — z7!) by applying Eq. 3.15.
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Then, the LS criterion is used to estimate the channel as

-~ 1 Ty 1
n_ - n_ “upn - on
h; = Ec\ﬁy“ = o + EQV“' (5.4)
Inspecting Eq. 5.4, we can see that there is no noise enhancement since |z]!| = 1. However,

unlike in traditional PSAM, there is an additional error term in the channel estimation produced
by the possible mismatch between the transmitted and the reconstructed differential symbols.
This error in the channel estimation is studied in the next subsection, where we characterize the

mean squared error (MSE) of the channel estimation.

5.1.1 Mean squared error (MSE) of the channel estimation

The two terms given in Eq. 5.4 are independent to each other, which can be verified as

e{ S, (£oa,) b= { 2hm o} -

u

= E{zy} E{[by}:} E{([v}]-)"} =0,

(5.5)

due to the fact that the transmitted symbol, channel and noise are uncorrelated random variables.
It is worth noting that usually, the channel estimation is performed in a certain time instant or
frequency resource and it is used to compensate the channel in another time instant or frequency
resource. Regarding the time dimension, this is what is called in the literature channel aging”

[79]. Hence, the channel estimation error incurred when using Eq. 5.4 is given by

ngE{

where aiﬁ is the channel estimation error that comes from compensation and estimation in dif-

n n’
hu - hu

2
} =02+ o2, (5.6)

ferent time instants with a possible mismatch between transmitted and reconstructed differential

symbol. We compute

o2p =EQ W2 —hy| b =EQ T —nahy — /1 n2h, | b =
u u
5.7
2 ks 2 —»n’2 .Tk 2 2 ( :
=Eq [y | =% — 5 +‘\/1—77%hu =EJ |\ — | ¢ +ow
Ty, z,,
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h”|? is uncorrelated and independent

where E {\h2|2} = 1 since the channel is normalized,

n n/2
T 217
S —nm— /1 —n2h,

In this case, 02 = (1 — n2), since the channel is normalized. Developing the first term of the

of and j—% —npand 4/1 — U%HZ are uncorrelated and independent.

last part of Eq. 5.7, we have

— 2R {x%} + 2
iy (5.8)

=1+ 17 — 207E {cos (£ () — £(&7)

We define \]! = E{cos Z(«]') — Z(Z7)} and by following the same approach as that of Ap-
pendix B of [11] (omitted here for the sake of conciseness), we can define
1, P'=0
PSS , (5.9

u 1-pPr—(1—pm)Kp
S tre— 0<Pr<i

that will serve as an upper bound (UB) for ag, as stated in Appendix B of [11], and where K, is
the length of the NC data stream without accounting for any reference symbols. We can write

2 2
o:-and o as

oy = 1403 = 2ma\y + 1= 0% = 2(1 — 7)), (5.10)
2 ~ T /|2 2
ol = E{ h, —hy } =2(1 —nz\,) +o,. (5.11)

The same analysis can be done for the frequency domain by substituting 7; with 7. Analyzing
Eq. 5.11, it can be seen that in case either n; or A}! is zero, the channel error estimation is the
highest, while both need to be 1 to avoid any increment in the channel estimation error, with
respect to the classical PSAM. Therefore, the channel estimation error for our proposed scheme
o2 is bounded by
2 o 2 2
o, <o, <o,+2 (5.12)

It is worth noting that the error depends mainly on 4 factors:

* The symbol error probability of the NC detection, defined as P, which directly depends

on the number of antennas R in the BS and the constellation size of the NC data.

* The length of the NC data stream, defined as K.
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* The channel variability that depends on the channel correlation as 7 or 7.

¢ The noise of the channel estimation.

5.2 Increment in the uplink OFDM grid efficiency

5.2.1 Multiplexing the coherent and the NC data streams

To increment the uplink efficiency of an OFDM grid, we propose to change the pilot resource
elements with NC data, in order to include more useful information in the grid. The user
transmits [V consecutive OFDM symbols to the BS, the OFDM signal has K subcarriers and the
length of the cyclic prefix (Lcp) is long enough to absorb the effects of the multi-path channel
(Lcp > Log — 1). The number of channel taps is denoted by Log. At the BS, after removing
the cyclic prefix and performing a fast-Fourier transform (FFT), we can process each subcarrier
as one of a set of K independent sub-channels. Moreover, the whole time-frequency resource
grid (K x N resource elements) is split into unit blocks of K'p consecutive subcarriers and
Np contiguous OFDM symbols. Each unit block can be independently processed for channel
estimation and detection. This model has practical interest since it is used, for example, in
the 4G and 5G, where these generic unit blocks are denoted as physical resource blocks [77].
Hence, for the sake of conciseness and without loss of generality, we focus on a particular unit

block.

Let A denote the set of pairs of frequency and time indexes that describe the resources of the

unit block, defined as
A={(n,k)|ne{l,--- ,Ng}t,ke{l,--- ,Kp}}, (5.13)

with cardinality |A| = Kp x Np. Let A4 denote the subset of the pairs of frequency and time
indexes intended for the data transmission, and A, denote the subset that contains the pairs of

frequency and time indexes reserved for the pilot symbols. These subsets must satisfy
A=A3UA,, 0=AiNA, (5.14)
and their cardinality is given by

|A|= K, x N,, |A| = KpNp— K,N,. (5.15)
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In this equation K, and N, refer to the number of pilots in the frequency and time domain,
respectively, in a unit block. According to [80], these pilot symbols must be equally spaced over
the available resources. The distance between two contiguous pilot symbols in the frequency
and time dimensions is denoted by Ly and Ly, measured in number of resources, and they
must satisfy

Kp=Lg x K,, Np=Ly xN,. (5.16)

A HDS is proposed, in which the classical coherent and the NC schemes are combined, with
the NC occupying the resources previously occupied by the reference signals (see Fig. 5.1).

The distribution of resources is

k. (n,k) € Ag
iyt = ik, (n,k) € Ap, ko =kl (5.17)

xz(kaK)sZk, (n, k) € Ay, k # k)

min

where c* represents the coherent data in the OFDM grid in time instant n and frequency k, A,
is the set of resource elements that were used for pilot signals and now are used for NC data
in the proposed HDS, £ . is the minimum value of the index % for the n-th OFDM symbol
belonging to the subset .4, (that is, the first sub-carrier of each OFDM symbol that carries the
NC data stream), A, is the set of resource elements in the resource block that are used for
coherent data, p!'* is the known reference symbol of the NC data stream and L is the distance

between 2 contiguous NC resources.

For example, k. = 1in Fig. 5.1, A, has k = 1,3,5,7,9and n = 3,6,9,12, so L = 2.
In this example, the NC data stream is placed along the frequency dimension and not the time
dimension. Interestingly, our proposed differential data-aided system can be adapted to any

existing pilot distribution based on PSAM, by simply replacing the pilots by a NC data stream.

5.2.2 Analysis of the Throughput and the Complexity

In this section we analyze and compare in terms of throughput and complexity the traditional
coherent scheme and our proposed HDS. We show that HDS can increase the throughput with

a negligible increment of the complexity. For a typical packet-based transmission, let us define
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Figure 5.1: Example of a unit block for the proposed HDS, where K,, = 6 and N,, = 4. The
green boxes are data modulated by classical coherent, the yellow boxes are data

modulated by the NC and "p” denotes the NC reference symbol.

the total throughput of the HDS as

T = Tc + TN [packet/s] (5.18)

where T and Ty refer to the throughput of the coherent and NC streams, respectively, for each

unit block. The throughput of each scheme can be found as

AFK

Te = % (1= Poo) " logy(Mo), (5.19)
AFK

Ty = % (1 — Py )P logy (My). (5.20)

In these equations, L p denotes the number of bits in one packet, Py is given by Eq. 5.24 and
Pyo by Eq. 5.22, M is the constellation size of the coherent and My is the constellation size
of the NC. The efficiencies of the coherent and the NC in terms of the occupied resources in

the unit block are
K,N, Ny
y NN =
KgNp KgNpg

no=1- (Kp,—1). (5.21)

Inspecting Egs. 5.18-5.20, we can see that the total throughput of our proposed HDS is the sum
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of the throughput of each scheme, coherent and NC given in Eq. 5.19 and Eq. 5.20, respectively.
If some parameters are given by the system design, such as the number of antennas, SNR,
bandwidth and length of the packet, the throughput of the NC only depends on the selected
modulation scheme (M) and its corresponding BER (F, ¢ given in Eq. 5.24. In turn, the BER
of coherent (P, ¢ given in Eq. 5.22) not only depends on the constellation size (M), but it
also relies on the performance of the channel estimation provided by the NC stream. Hence,
the proposed HDS outperforms the traditional coherent scheme due to the additional throughput
provided by the NC if the channel estimation error (¢2) is properly constrained in order to avoid

the increment of P ¢.

In order to obtain the best pair of constellation sizes (M and M) for a given scenario with
some specific parameters, the throughput given in Eqgs. 5.18-5.20 should be maximized. Due to
the difficulty to find closed-form expressions from Eq. 5.22 and Eq. 5.24 and motivated by the
fact that the search space is very small (logy(max(My)) x logy(max(M¢)) combinations),
we propose to resort to an exhaustive search over these few options. The throughput expressions
are evaluated for a particular scenario and the values that provide the maximum throughput
given in Eq. 5.18 are chosen. As we show in the next section, the search is limited to a small
number of options since the possible values of M and My are usually constrained to a few,

e.g. 8 x 6.

5.2.2.1 Bit error rate of the coherent and the NC schemes

According to [81], the BER for a M--QAM constellation using a ZF post-equalization may be

approximated as

o o (1=27)VMe-1
PbC ~ —
D DY

i1—1

(—1){212\;% J (in _ szn—l +1

"1:; 1 12=0 ‘ (5.22)
v L — iy RZ R—1+13 1+ p4, 8
2 A is 2 ’
i3=0
3(2i + 1)27s p
o , SR 5.23
Hiz \/Q(MC S0 432+ 12 T 1+ po? 623

where M is the constellation size of the coherent data stream, go = logs (v M¢), p = 1/02,

afl is the channel estimation error after interpolation [82] (whose detailed analysis is out of
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scope of this work) and we assume the use of a rectangular pulse.

The expression of the BER is the same as that of the Eq. 4.37 which was calculated for a multi-
cell approach. Here we simplify for a single AP for a Rayleigh uncorrelated channel (found

in [11, Appendix A]) and is given by

rcos(vy)—px 2 rsin(y)— ’
Py = 20'330’3171' —1 % / /Oo 67( 017\/5# ) +( f’yw\/iuy) rdrdy, (5.24)
' 020y logy(My) pJo

where D € [—7/Mp,n/Mpy]| denotes the decision region for the correspondent symbol of
interest and (i, 14)=(1,0) (set for the DPSK symbol placed in the positive part of the real
axis of the complex plane without loss of generality), with the parameters o, = 1/ %

_ /202404
and O'y = SR -

In general, NC processing is much less complex than coherent processing. Anyway, as the
NC stream is an addition to the proposed scheme with respect to the coherent scheme, its de-
modulation will incur some extra complexity. In order to show that the proposed HDS does
not significantly increase the complexity of the system, the number of complex multiplications
(NCM) required for each scheme is accounted as follows. For the particular case of the coher-

ent, the expression of the NCM is given by
D¢ = KpNp(3R+ 1) —3RK,N,, (5.25)

where the LS channel estimation given in Eq. 5.4 is considered, as well as the post-coding
matrix computation given in Eq. 3.14) and the equalization process given in Eq. 3.9. The com-
plexity introduced by the interpolation process is not taken into account, so this is an optimistic
evaluation of the complexity of coherent detection. If we consider it, the additional relative

complexity of NC is even lower. For the case of HDS, the NCM can be expressed as

DH:Dc—i-DN:Dc—i-RNp(Kp—l) =
(5.26)
— KgNp(3R+1) — RN, (2K, + 1),

where Dy accounts for the differential decoding given in Eq. 3.19, required for the NC. Note
that the differential encoding required for computing the differential symbols szk at the trans-
mitter, and for the reconstruction of the differential symbols s7* at the receiver are considered

negligible. The reason for this is the fact that the phase difference can be computed in polar
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coordinates, which corresponds to adding/subtracting phases, and the conversion from polar to
binomial coordinates can be implemented by using look-up tables, since the differential sym-
bols (s™*) belong to a DMPSK constellation, which is a finite set. On the contrary, these sim-
plifications cannot be implemented for the differential decoding, since the received symbols,

which are modified by the channel and noise effects, no longer belong to a finite set.

Comparing Eq. 5.25 and Eq. 5.26, we can see that the dominant term in Eq. 5.26 is the first
one, which corresponds to the coherent processing, and therefore, both techniques have the
same complexity order O(3RK pMp), rendering the additional complexity of the NC stream

negligible, as predicted.

5.3 Pilot-less TDD massive MIMO

In this section, a novel TDD massive MIMO approach based on utilizing the pilot-less channel
estimation proposed in Section 5.1 in the UL using differentially encoded data and a precoding
in the DL, also with differentially encoded data, is proposed. In this system, the use of any type
of explicit pilot symbol is completely avoided while maintaining spatial multiplexing capabil-
ities in the DL. We perform an analysis of the full system in terms or SINR for the UL and
the DL. The performance of the channel estimation using differentially encoded data is also
analyzed, since it affects the performance of the DL data transmission. A multi-user allocation
strategy in an OFDM grid is proposed. The analysis is corroborated via numerical results and
the proposed scheme is shown to outperform its coherent counterpart. We assume a single BS

with R antennas and U served users.

5.3.1 Proposed pilot-less TDD massive MIMO

We apply maximum ratio transmission (MRT) in the DL, so the precoding vector will be bﬁk =
h?*. For the coherent demodulation, we assume that the coherence time of the channel is at
least four OFDM symbols (which is the most pessimistic case). This comes from the fact
that in a typical TDD time stream, reference signals are needed in the UL to estimate the CSI
and additional pilot symbols are required in the DL (sometimes called demodulation pilots),
plus at least one data symbol in the UL and one data symbol in the DL, as shown in Fig.
5.2. The additional pilot in the DL are introduced since channel precoding may not perfectly

separate the users or compensate the channel effects, and additional estimation and processing
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is required [83]. By observing Fig. 5.2, it can be easily observed that in the worst case (UL pilot
- UL data - DL pilot - DL data), the data efficiency of a coherent scheme would be 50% of the

available resources. Even worse would be the scenario in which the coherence time is smaller

Bl A AT T 1 . a1 Al 1 . . 11 Al Rl S~

TDD slot TDD slot TDD slot

a

-

PILOT | DATA | PILOT | DATA | PILOT | DATA | PILOT | DATA | PILOT | DATA | PILOT | DATA
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b)) pu | pb | du | db | du | dD | du | dD | du | db | du | dD
| T

Coherence time Coherence tlme I Non-coherent scheme

Figure 5.2: TDD frame comparison for coherent (a) and non-coherent (b).

In the proposed pilot-less TDD massive MIMO scheme each UL and DL data symbol of each
user s"¥ is differentially encoded as Eq. 3.15, resulting in 2"¥, which only needs one reference
symbol or pilot known at the BS (for the UL) and at each user (for the DL), and sﬁk belongs
to a DMPSK constellation. We focus on a single BS, and for the coherent processing, we can

extend Eq. 3.7 as

U U
nk _ ynk\H n,k, nk nk _ an.k\Hynk, nk n,k\H n,k_n.k n,k
Yudl = (hy™) Zbu Ty g TV = (hy®) " by T at (hy®) Z b, Tyl T Vus
u=1 uw'=1
u'#u

(5.27)
where Eq. 3.7 is separated in three terms, the first one being the desired signal for user u, the
second term is the interference generated in user v from the rest of the users and the third term

is the noise.

The reception is performed via differential detection of two consecutive received signals in

time, as shown in [73],

H H
sk = (yum ) it = (W) gt (5.28)
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with the noise terms (1), ’k) as
H H H H
= (BT () T (b st (v ) ek, (5.29)

and the transmitted symbol for each user is estimated in the BS (for the UL) and in each user

terminal (for the DL) according to [2] as

nk .
Su’ = argmln{
n,k

Su’

n,k n,k
Su

_Z’Lt

, sk e zm} (5.30)

where 21 indicates the DMPSK constellation set, of size M, either for the UL or DL. For the
DL, spatial multiplexing is utilized, via the use of MRT. Once the decision is taken on the UL
NC data symbols, the channel is estimated following the approach in 5.1. A maximum length
for the UL stream K, is defined to reduce the error probability in the data reconstruction. With

this estimated channel, the DL is precoded following Eq. 3.7.

5.3.2 SER of the received symbol in the DL

To analyze the effect of imperfect channel estimation for the proposed pilot-less TDD massive

MIMO schemes in the DL transmission, we assume the following definition [75]

B = /1 - e2hk 4 ok (5.31)

where h?* ~ CN (0, eflI) is an error component which is uncorrelated with h™™*. We extend

the components of Eq. 5.27 following the definition in Eq. 5.31 as

H
hFbl* = vk <, /1—ehl" + hz;f“e> = /1 —e2hl (M + ekl (5.32)

and [xiﬂu is just a phase rotation. Thus, following the properties of the product of normal

variables [84] and the properties of VG distributions [60, 61], we have that

/1= e2hF (A o N <R 1—e2 R(1— e§)> , (5.33)

V1 = e2hF (S~ CN (0, R(1 - €3)), (5.34)
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h* ()"~ CA (0, Re3) . (5.35)

We define a useful component (UF) of the received signal

UF! = <\ /1 — e2hF (hih)H ) X"k (5.36)

and the rest of the terms that arise from combining Eq. 5.27 and Eq. 5.31 are defined as non-
useful (NUF) terms. Using the properties of the product of normal variables and the properties
of VG distributions, the distribution of UF}: is defined as Eq. 5.33. The distribution of NUF}
is composed of the sum of several complex circularly symmetric Gaussian variables, including
Eq. 5.35 from the desired user and U — 1 of Eq. 5.34 and Eq. 5.35 from the interfering users

over the desired user. Since xz,’k only rotates the distributions, NUFY is

NUFY ~ CN (0,R(U +¢e5— 1)+ 0. ). (5.37)

Assuming xp°" = 1 without loss of generality!, we have R{[y*],} ~ px + N (0,0%) and
H{yhlu}t ~ N (3,03), s0

R(U —ée%2+1) + o2
%{yZ’R}NR\/l—efl—FN(O, ( ed2 ) U””) (5.38)

R(U+e?ll)+0§u>
5 :

Hyp"p~ N (0, (5.39)
The differential decoding performed in reception for the received signal at each user Eq. 5.28
results in the product of complex normally distributed variables, where in order to find the
distribution of the received symbol, we have to consider the product of two complex variables
x = a+ jband y = ¢+ jd, so the product (z)*y = (ac + bd) + j(ad — be). Using again the

properties of the product of normal variables and VG distributions, we have that
K="} = Ry MIR{yL* ) + 3yl vty (5.40)

{2k = R{yp M Yoyt — a{yn M IR{y ek (5.41)

'The error is computed for x™'* = 1 for simplicity but it is the same for the rest of the symbols.
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Thus, the first term of Eq. 5.40 is composed of three terms as

Ri{zp "} = R*(1—€}), Ra{zl"} ~ R\/1— 2N (0,205) , Rs{z"*} ~ VG (1,0,0%,0),
5.42)
while the second term of Eq. 5.40 is distributed as J{yy “*}3{yn*} ~ VG (1,0,02,0).

Each term of Eq. 5.41 is composed of two terms, them being

31 {2F} = Ry/1 = 2N (0,03),  Jo{2lF} ~ VG (1,0, 0005,0) . (5.43)

The VG distributions may be approximated for convenience to normal distributions as
VG (1,0,0%,0) =~ N (0,0%)

VG (1,0,02,0) =~ N (0,0%),

VG(1,0,0m05,0) =~ N (O,aéa%) .

Summarizing, the distribution for s™F — 1 follows ?ﬁ{zﬁk} ~ N(u%{zg,k},ai{zn’k}»

j{zﬁk} ~N (,uj{zn,k}, Ui{zmk}) and defined as
R{[zn)u} ~ N (B*(1 — €3), 2R*(1 — e)ody + o +03) | (5.44)

3{[zF]u} ~ N (0,205 (R2(1 — €3) + 03)), (5.45)

so the SER for the DL of user u can be computed following the approach in Appendix A of [11]

as 5
TCOS(’Y)_HSR{zZ’k}> _(Tsm(’y)—ﬂj{zﬁ,k

2
. }
M ( V2o, V2o >
Pk fl/r/M Jo e R WS rdrdy

n

(5.46)

2W0m{23,k}03{zz,k}

5.4 Numerical Results for pilot-less channel estimation with de-

tected NC data

In this section we include the numerical results for both the proposed HDS for the UL of a

massive MIMO-OFDM scheme and for the pilot-less TDD massive MIMO.
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K, | 1,2,3,4,6,12 | K, Np 12, 14 K 1024
Ny | 1,2,4,7,14 Mc 4,16,64 | Lp 20
R 16, 64, 256 Mpn 4,8,16,64 | Af | 30 KHz

Table 5.1: Simulation parameters

5.4.1 Uplink efficiency with NC data pilot-less channel estimation

In this section, we provide some numerical results to verify our analysis and show the validity
of the proposed HDS, which is capable of outperforming the traditional coherent scheme for
several scenarios of interest, as well as other alternative schemes such as ST. In Table 5.1, we
provide a summary of some numerical values for the different system parameters, where they
have been chosen taking into account the numerology given in 5G [77]. Besides, the size of the

unit block has been set Kz = 12, Ng = 14 and the interpolation method to ’spline’ [85].

The number of pilots placed in the unit block (given by K, and /V},) must be incremented as
the variations of the channel in both dimensions increase. Note that the time variability of the
channel is modelled by using Eq. 3.2. According to [80], the number of pilots placed in the fre-
quency dimension should be at least twice the number of taps of the multi-path channel, and in
the time dimension there must be at least two pilots within the coherence time [57]. However,
realistic communication links increase the number of pilots beyond the minimum, especially in
the frequency dimension, to improve the quality of the estimators. Then, by changing the values
of K}, and IV, we illustrate different scenarios of time and frequency variability of the chan-
nel. The ST scheme of [86] is also taken into account for the comparison of throughput. This
scheme has a parameter denoted as ¢ that indicates the power allocated for the superimposed
pilot symbols, while 1 — ¢ corresponds to the power of the data symbols. According to [86],
we set ¢ = 0.2 which is the most frequently used value in the literature. ST requires an averag-
ing process, which is implemented in both time and frequency dimensions and the number of
resources to average is dynamically adapted for different values of Doppler and delay spreads
to avoid the degradation of the channel estimates due to these effects. Hence, considering the
definitions of Eq. 5.16 for the ST, the number of averaged samples has been set equal to the

amount of resources between two contiguous pilot symbols for each dimension (Lx x Ly).
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Figure 5.3: Throughput comparison of coherent (CDS), HDS, ST and NC (NCDS) for different
constellation sizes, R = 64, K, = 6 and N, = 7, for different SNR values (p).

5.4.1.1 Throughput evaluation for different channel scenarios

In Fig. 5.3, we show the throughput comparison for the coherent, NC, HDS and ST for a unit
block where R = 64, K}, = 6 and N, = 7, which is an interesting case in terms of medium
to high delay and Doppler spreads. There is a substantial improvement of performance for the
HDS with respect to the coherent, since the latter is highly penalized by the great amount of
necessary pilots. The throughput of the HDS is the highest, not only due to a low average
BER, but also to the additional throughput provided by the NC stream (recall Eq. 5.19 and Eq.
5.20). Moreover, we also show the performance of the pure NC, where the DPSK symbols are
occupying the entire unit block. We can see that NC is not able to outperform neither coherent
nor HDS in this scenario. This is due to the fact that a QAM constellation has always a better
performance than DPSK in terms of BER when M- = My, provided that the channel can
be adequately estimated. Also, it is known that the differential detection process increases the
noise [2]. On the other hand, ST has a very poor performance since in this scenario there
are not enough resources to perform the required averaging process in order to avoid the self-

interference produced by the data, degrading its performance in terms of throughput.

According to the throughput analysis, for each particular scenario of interest imposed by the
system design (number of antennas, length of the packet, delay and Doppler spreads, etc.), an

optimum value of My and M can be chosen for each case of SNR (p) in order to obtain the
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p My | 4 8 16 32 64 | 128

5dB 615 | 65 | 64.6 | 556 | 473 | 449
10dB 615 65| 69 699 | 579 | 51

15dB 615 | 65| 69 | 727 | 71.8 | 58.4
20dB 615 65| 69 | 7277|1764 | 72.9

Table 5.2: Throughput for HDS (103 x packets/second) for increasing p and increasing My
for R=064, K, = 6, N, = 7and M¢c = 16.

maximum throughput. Tables 5.2 and 5.3 show the throughput evaluation of the HDS calculated
for M¢ = 16 and M¢ = 64, respectively, where R = 64, K, = 6 and IV, = 7. The maximum
throughput values are highlighted in bold letters, and their corresponding optimal values of My
and M depend on the SNR (p). Both constellation sizes can be increased when the SNR is
high enough, maximizing the data-rate of the system. Note that the optimum value of M}y is
not only chosen to increase the throughput of the NC stream, but it also has to constrain the
channel estimation error, guaranteeing the performance of the coherent stream (M). Hence,
given the expressions of the throughput, we can easily choose the best configuration for a given
case. For example Mo = 16 and My = 8 should be chosen for p = 5 dB, while My = 64
and My = 32 are best for p = 15 dB.

P My | 4 8 16 32 64 128

5dB 75.5 | 79.2 | 76.7 | 33.8 | 184 | 157
10dB 88.4 1 92.1 | 959 | 95.7 | 44.8 | 24.6
15dB 8851922 | 96 | 99.7 | 984 | 453
20dB 8851922 | 96 | 99.7 | 1034 | 98.4

Table 5.3: Throughput for HDS (103X packets/second) for increasing p and increasing My
for R=064, K, = 6, N, =7 and M¢ = 64.

Tables 5.4 and 5.5 show a throughput comparison among the coherent, HDS and ST for different
values of K, and N, where R = 64, M¢c = 16, My = 8 and p = 5 dB. NC is not shown in
this Table since its throughput remains constant for any of the considered values of delay and
Doppler spread (K, and N, respectively). Its throughput is 49.5 x 103 packets/s for My = 8
and p = 5. This value is the same given in Table IV for HDS when K, = 12 and IV,, = 14, since
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N K, 1 2 3
Coh | HDS | ST | Coh | HDS | ST | Coh | HDS | ST
1 72 | 71.6 | 62 | 71 | 71.5 | 42 | 70.7 | 71 31
2 71 71 45 | 70 71 20 1 694 | 71 10
4 703 | 703 | 20 | 67 67 | 56| 67 | 694 | 2
7 69 69 7 66 68 | 15| 63 | 675 |05
14 66 66 2 60 | 645 | 02| 54 63 0

Table 5.4: Throughput comparison among coherent, HDS and ST (103 x packets/second) for

p=295 R=064 My = 8 and M¢ = 16. Increasing K,, and N, means increasing

the maximum supported values of delay and Doppler spread (PART 1).

4 6 12
N, K

Coh | HDS | ST | Coh | HDS | ST | Coh | HDS | ST
1 70 71 19 1694 | 71 |96 | 67 | 704 | 2.7
2 69 | 705 | 7 67 70 | 23| 62 69 |03
4 65 69 1 62 68 |04 |514] 656 | 0.1
7 60 67 | 02| 54 65 0.1 | 36 61 0
14 48 | 615 | O 36 | 585 | 0 0 [495| 0

Table 5.5: Throughput comparison among coherent, HDS and ST (103 x packets/second) for

p=>5 R=064 My = 8and Mc = 16. Increasing K, and N, means increasing

the maximum supported values of delay and Doppler spread (part 2).

N, Ky | 1 2 3 4 6 12
1 0% | 0.5% | 09% | 1.4% | 23% | 5.3%
2 0% | 09% | 1.9% | 2.8% | 4.8% | 11.5%
4 0% | 1.9% | 3.8% | 5.9% | 10.4% | 27.5%
7 0% | 34% | 71% | 11.2% | 20.8% | 68.7%
14 0% | 7.5% | 16.7% | 28.1% | 62.5% 00

Table 5.6: Percentage improvement of the throughput for the HDS with respect to the coherent;

same parameters as in Tables 5.4 and 5.5.
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in this extreme case all the symbols in the HDS are differentially encoded and HDS boils down
to NC. Again, the different values of K, and NNV, correspond to different maximum supported
values of delay and Doppler spreads. Once more, the use of ST does not bring in general an
adequate performance. When there are enough resources for averaging (K, and M, low), the
results are acceptable, but they degrade fast when K, and M, increase. In Table 5.6, for the
same scenario, we provide the percentage of throughput increment of the proposed HDS with

respect to the coherent, which is defined as

T-T,
ATy (%) = T ¢ % 100. (5.47)

We can see in Tables 5.4, 5.5 and 5.6 that for low mobility scenarios with a low or medium
delay spread (low K, and N,), the NC does not provide a significant increase of the throughput
(approximately 0 — 5%) over the HDS. However, when either the Doppler or delay spreads are
significantly increased, the throughput of the coherent is decreased while the throughput of NC
is increased, improving ATy (approximately 6 — 70%). For the extreme case of extremely
high Doppler and delay spread (K, = 12 and N,, = 14), only NC can provide an acceptable
performance (HDS collapses to pure NC), while coherent cannot be used. In summary, for
increasing K, and NN,, values the performance of coherent worsens faster than that of HDS. ST
can only provide an acceptable performance for the particular case of K, = N, = 1, where
the channel has very mild variations in both dimensions and the averaging processing can be

performed satisfactorily.

According to this numerical evaluation of the throughput, we provide a graphical summary of
the advisable technique for different scenarios in Fig. 5.4. Coherent processing is not recom-
mendable in scenarios with high delay and/or Doppler spreads, where an excessive number of
pilots must be transmitted to provide a continuous tracking of the channel at both time and
frequency dimensions (K, 1 and N, 1), so that an acceptable quality of the channel estimates
(Ugyp — 0 given in Eq. 5.6) is provided. In these cases, Tc = 0 since no — 0. On the other
hand, NC is suitable for these extreme cases where resources are not wasted to transmit refer-
ence signals. Indeed, [2, 59, 87] showed that NC has a great robustness against high Doppler
scenarios, no matter the delay spread when OFDM is used. On the contrary, for low mobility
or fixed communication scenarios with low or moderate values of delay spread, the number of
reference signals can be greatly reduced (K, | and N, |) since the channel remains quasi-static

in both dimensions. Therefore, the throughput increment provided by the addition of the NC
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Figure 5.4: Summary of the chosen scheme for different scenarios.

stream is not significant as compared to the throughput of the coherent (T >> T%). Finally,
in those scenarios where the channel variations are not excessively high, at least in one dimen-
sion, the combination of coherent and NC, that is the proposed HDS, outperforms the existing
solutions in terms of throughput. In these scenarios, the proportion of resources allocated to
the reference signals in coherent is significant and the effective data-rate of the link is reduced
if only the coherent stream is sent. In the example provided in Fig. 5.1, which is a typical
configuration in 5G-NR [77], the pilot symbols correspond to 28.6% of the grid, which is an
important overhead, and our proposal can take advantage of this overhead by transmitting an

additional data stream using NC.

5.4.1.2 Complexity evaluation for different channel scenarios

In order to compare the complexity of coherent and HDS, we define the complexity increment

of HDS with respect to coherent as

Dy — Dc

ADy(%) = =

x 100. (5.48)

This complexity increment is presented in Table 5.7 where we can see that it is proportional to
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the number of symbols transmitted in the NC stream (given by K, and N,)). This complexity
increment is below 10% for a low to medium amount of resources dedicated to NC, which
corresponds to a throughput increment of up to 21% as shown in Table 5.6. For the extreme case
of very fast time-varying and/or strongly frequency-selective channels, many more resources
can be dedicated to the NC stream and the additional complexity can be increased up to 30%,
while the throughput increase is almost 70%. In summary, the additional complexity produced
by the proposed scheme is always much lower than the additional amount of throughput that it

can provide, showing that HDS is more efficient than the traditional PSAM-based coherent.

N, K| 1 2 3 4 6 12
1 0.0% | 02% | 0.4% | 0.6% | 1.0% | 2.3%
2 0.0% | 0.4% | 0.8% | 12% | 2.1% | 5.1%
4 0.0% | 0.8% | 1.7% | 2.6% | 4.6% | 12.1%
7 0.0% | 1.5% | 3.2% | 5.0% | 9.2% | 30.2%
14 0.0% | 3.3% | 7.4% | 12.4% | 27.5% | -

Table 5.7: Complexity increment of HDS with respect to coherent for different K, and N,

values.

5.4.1.3 Throughput evaluation with a geometric channel model

In this subsection we provide some simulation results with a more realistic channel model
to compare coherent and HDS. Particularly, we adopt a geometric wide-band channel model
which enables the characterization of the effects of the propagation channel and the antenna
arrays [88]. Itis characterized by the geometric superposition of several separate clusters, where
each of them has a different value of delay and gain. Moreover, each cluster is made of a certain
number of rays with different angle of arrival and departure. The chosen array configuration
corresponds to a uniform linear array (ULA), where the distance of two contiguous elements is
half the wavelength. The delay spread is set to 363 ns and the angular spread is set to 5 degrees,
which are example values defined in [1]. Additionally, with interest in high mobility scenarios,
we set a Doppler frequency of 1.6 KHz, which corresponds to a carrier frequency of 3.5 GHz
and an approximated speed of 500 km/h. Moreover, we set K, = 6 and N,, = 4, which is the

configuration given in Fig. 5.1.
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Figure 5.5: Throughput comparison of coherent (CDS) and HDS for different constellation
sizes, K, = 6 and Ny, = 7, for the geometric channel defined in [1].

In Fig. 5.5, we provide the throughput comparison for the different values of constellation size.
We can see that the HDS provides a significant additional throughput as compared to coherent.
Under this particular realistic channel model, the achieved throughput of both coherent and
HDS is lower than in the previous case, due to the effect of the spatial correlation produced
by the chosen array configuration. However, HDS still outperforms the traditional coherent
scheme by approximately a 11% of throughput increment, which is similar to what was obtained
in the equivalent case with spatially uncorrelated channels. Hence, these results also show the

advantages of our proposed scheme in a more realistic environment.

5.4.2 Results for pilot-less TDD massive MIMO

In order to compare the classical coherent scheme and the proposed pilot-less scheme, we will
use the SER. Since the overhead is different in them, for a fair comparison we will ensure the
same spectral efficiency in both systems. For such purpose, different constellation sizes are
used. For instance, in a TDD slot of 4 OFDM symbols, where 2 are used for the uplink and the
other 2 for the downlink, half of the OFDM symbols should be used for pilots (one for uplink
and another one for downlink). In this case, for a fair comparison, the size of the constellation
used in the coherent scheme should be the square of that used in the non-coherent scheme.

Furthermore, the proposed pilot-less scheme can work with a coherence time of 3 symbol slots
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(1.5 TDD slots), as shown in Fig. 5.2, while the classical scheme is more restrictive and needs

at least 4 symbols.

In this section, we first validate the theoretical analysis previously shown in Sec. 5.3.2 and af-
terwards we compare the classical scheme with the proposed scheme in a deployment scenario
with ideal conditions. Unless otherwise stated, R = 100, M,, = M; = 4. The SNR in the

simulations is defined as the inverse of the noise power.

5.4.2.1 Corroboration of the theoretical analysis

It can be seen in Fig. 5.6, that the theoretical analysis for the channel estimation fits well
with the Monte Carlo simulations, with the theoretical results being an upper bound of the
simulations. The lower bound is given by the performance of the PSAM with a pilot in every
coherence time, that is, without any degradation due to time variability (at the expense of a large
pilot overhead). It can be observed that a correlation ag caused by time difference between the
estimated channel and the real one results in a MSE floor, caused by the time variability of the
channel. When there is no time variability, the MSE is affected only by the error probability in
the detection of Eq. 5.28 via Eq. 2.1. Last but not least, the case of PSAM with time variability
is shown, were it can be seen that it is below the proposed channel estimation with channel time

variability, but is equal to it for high SNR.

In Fig. 5.7, we can see the histogram and the theoretical PDFs for the real and imaginary parts
of the received symbol when [z%¢],, = 1. A very good agreement can be seen for both cases, but
for the real part, since more approximations were made, the agreement is slightly worse. This
fact directly affects the accuracy of the SER performance for the DL of the proposed scheme,
which is shown in Fig. 5.8. The theoretical SER (labeled "TH’ in the legend) is very similar
to that of the Monte Carlo simulations even though there are little discrepancies, due to the left

tail of the distribution of the real part.

5.4.2.2 Comparison with a classical pilot assisted system

The classical and the proposed schemes are compared with Monte Carlo simulations. The
coherence time n. is defined in number of OFDM symbols of the TDD scheme, according to
the frame shown in Fig. 5.2, and the values of 2, 3 and 10 are considered in Fig. 5.9. The

number of symbols in a TDD slot period for the UL 7, and the DL 7,4 are set to 1 and 2 to see
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Figure 5.6: MSE of channel estimation for My, = 16 and R = 100. Continuous line corre-
sponds to the Monte Carlo simulation while dashed line corresponds to the theoret-
ical upper bound. Blue line represents the PSAM without channel time variability,

which is the best case.
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Figure 5.7: Monte Carlo histogram (blue) versus theoretical PDF (red) of the real (left) and
imaginary (right) part of [sk],, = 1 for R = 100, My, = 4 and eq = 0.5.

the dependence with this parameter, and the constellation size in the DL Mj; is set to 4 and 16.
A sufficiently large SNR to avoid any errors is used in the UL and U = 2 are considered. The
classical (coherent) and the proposed (non-coherent) schemes are referred in Fig. 5.9 as C and

N, respectively.

It can be observed how, for large n. (10 in Fig. 5.9), the scheme C is approximately the same

as the scheme N, which reinforces the validity of the proposed scheme even for large n.. For
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Figure 5.8: DL performance with different U and ey for the proposed scheme for Mpr = 8
and R = 200. Continuous line corresponds to the Monte Carlo simulation while

dashed line corresponds to the theoretical upper bound.
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Figure 5.9: Comparison between classical (C, dashed) and proposed (N, continuous) schemes,

labelled from left to right with n., My, T, = 74, for R = 100.

very fast varying channels (n. = 2), the latter outperforms the former for the same spectral
efficiency. More concretely, for 7, = 74 = 2, the scheme C utilizes one symbol pilot while the
scheme N does not. Thus, the scheme C transmits a 16-QAM while the scheme N transmits a
QPSK. For both schemes transmitting a QPSK (scheme C with a lower spectral efficiency than
scheme N) and for n, = 3, scheme N outperforms scheme C, which reinforces our proposal.

In fact, scheme N can go down to 7, = 74 = 1, while C cannot since then, only pilots would
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be sent both in UL and DL. This is an advantage for the proposed scheme N which can work
in extremely fast varying channels. As a clarification example, in a 5G system with carrier
frequency f. = 3.6GHz, carrier spacing Ay = 30KHz at a speed of 500km/h, the coherence
time is n, = 2.8 OFDM symbols.

5.5 Concluding Remarks for pilot-less channel estimation with de-

tected NC data

In this chapter, for an UL massive SIMO-OFDM system, we have first proposed a differential
data-aided channel estimation scheme, where the traditional reference signals are replaced by
a differential data stream. This data stream is demodulated using non-coherent detection at the
BS and is used to perform the channel estimation. Therefore, by proposing a hybrid scheme
denoted as HDS, the channel can be accurately estimated to perform coherent demodulation
of the coherent stream, while the resources typically occupied by pilots are now leveraged
for transmission of the NC data stream. The benefits of our proposal have been evaluated in
terms of the channel estimation MSE, BER, throughput and complexity. We have provided
the analytical expressions of the channel estimation MSE and we have shown that it has very
close performance to PSAM-based estimation. We have provided analytical expressions of
the BER and evaluated the throughput of HDS for different configurations of the resources in
the time-frequency grid, which correspond to different values of Doppler and delay spreads,
showing that it outperforms the coherent with up to a 75% of throughput increment, which is
obtained for high mobility scenarios. The different theoretical derivations are shown to match
the numerical results, showing the accuracy of the analysis, and facilitating an optimization of
the system parameters. Illustrative values of the number of antennas and the length of the NC
data stream were chosen to shown the feasibility of this solution in the frame of the current
mobile communications standards and deployments. With the analytical tools provided in this

thesis, the same optimization can be performed for any other values of these parameters.

In summary, with the HDS scheme we are able to replace the reference signals with a differ-
ential data stream, which in most of the analyzed scenarios provides a higher throughput than
what can be achieved with a coherent system based on PSAM. Other alternatives such as ST
perform worse when there is a mild frequency selectivity or channel variability. Then, this work

contributes to the improvement of the spectral efficiency of massive MIMO-OFDM systems,
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which is crucial for the evolution of wireless communications. It is worth noting that the NC
stream can be used, for example, to establish a low latency service in parallel with the regular
high data rate application provided by the coherent, since the detected NC data stream can be
quickly forwarded to upper protocol layers while the channel is estimated for its use to equalize
the coherent data stream. Therefore, it is possible to use this system for a single service with

enhanced throughput or to multiplex two parallel services at the physical level.

Secondly, we have proposed a pilot-less massive MIMO TDD scheme where the UL data is de-
tected via non-coherent processing, the channel is estimated using the data received in the UL
and the data of several users in the DL is precoded to spatially separate them. To avoid the use
of pilots in both the UL and DL, differential PSK is utilized. The MSE of the channel estima-
tion for time-varying channels and the performance of the DL using precoding and differential
encoding are characterized and validated with numerical simulations. The proposed pilot-less
TDD scheme is compared with its coherent PSAM counterpart and it is shown that it largely
outperforms it when the coherence time is very small, which is exemplified to be realistic in the

context of 5G.
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Chapter 6
Constellation Design for the Multi-user
Non-coherent Massive SIMO Scenario

In this chapter we treat the problem of constellation design for the multiuser scenario of non-
coherent Massive SIMO based on DMPSK. We first show that a classical analytical constel-
lation design for the MU is intractable. Then, we propose to solve this problem by using
optimization techniques relying on evolutionary computation. Two approaches are designed,
namely GAO and MCO, which provide both individual constellations for each user and a bit
mapping policy to minimize the BER. Later, a complexity analysis and strategies for its re-
duction are proposed. A set of constellations for different number of users and constellation
sizes is proposed, and we evaluate the link-level performance of some illustrative examples to
verify that our solutions outperforms the existing ones. Finally, we show via simulations that

NC outperform the coherent schemes in high mobility and/or low SNR scenarios.

6.1 Specific System Model for constellation design

At the n-th time instant, the bits transmitted by the u-th user are grouped in the vector b]! of
size Ny' x 1, where Ny indicates the number of bits for user u, and it is mapped into a complex
symbol s7} as

sy, = gp(wy, by) € My, M, = {cﬁ‘, . 7611%}7 6.1)
cteC, | =1, ¢ #ch Vi#d,

where M, = |M,| = 2™, gp(-) is the bit mapping function, 9, denotes the individual
constellation set for the u-th user (constrained to constant modulus to facilitate the use of the
differential modulation), and zo,, of size M, x 1 denotes the bit mapping policy for the u-
th user which satisfies that @’ € {1,..., M,},1 < i < M,,w" # w",Vi # i'. We define
= |w! ... o} ’ a vector of size (25:1 M, x 1) that contains the bit mapping policies
of all users. The complex symbols of each user are encoded following Eq. 3.15. We assume

a flat-fading channel, the received signal is defined by 3.16 and 3.17, where v is the additive
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white Gaussian noise (AWGN) vector with each element distributed as [v"],. ~ CN(0, 02), B,
denotes the ratio of the received average power of the u-th user, with respect to user 1 (™" = 1,
B > 1, without loss of generality), which is proportional to the composition of the large-scale
channel effects and the power control of each user. A different 3, value for each user affects
their performance, which is taken into account in the design of constellations. A certain [pax
is considered to avoid users” performance to be excessively unequal. Moreover, H” € C*U
represents the small-scale fading as a spatially uncorrelated channel matrix, where each element
is distributed as [H"],.,, ~ CA/(0, 1), since the channel is a spatially uncorrelated Rayleigh one.
The reference SNR is 3.18. The phase difference of two consecutive symbols received at each
antenna is non-coherently detected following 3.19. The property defined in 3.20 is utilized
to perform detection in the RX side, where 9 = {c1,...,cnm}, ¢ € C, ¢ # ¢y Vi £ 7,
¢™ is the joint-symbol which results from the superposition of the symbols sent by the users,
and 91 denotes the joint-constellation set. Fig. 6.1 shows the joint-constellation built from
two particular individual constellations. We define b;,, as a vector of size (/N}* x 1) that
contains the bits for the u-th user and the ¢-th joint-symbol according to the mapping II, and
b; = [b]} --- b]]" as a vector of size (S2V_, Nj* x 1) that contains the b, of all users for

the ¢-th joint-symbol.

n n n
Bl i mapping [N Differential |
function modulation BS
UEu=1] 10 Poliym:
4]
a®

1n® Individual 10

0 ® constellation M, T
[+]
Individual [+]
) 00
constellation 9, @
01
b} . . 3 . . 3 i i int-
B Bit mapping [ Differential i leferentA|aI Joint )
function modulation dem?dulatlon & demodulatlQn
spatial average and demapping
UEu =2 Policy ®,

Figure 6.1: Block diagram of NC scheme in UL for the particular case of U = 2, 1 = B2 =1
and two particular cases of individual constellations (91 and Mo). These two in-
dividual constellations are properly designed by the proposed methods to produce

a QAM joint-constellation ().
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6.2 Interference analysis for Rayleigh (NLoS) channels

In this section, we first analyze the probability density function (PDF) of the received differ-
entially processed signal based on DMPSK and show that it is mathematically intractable for a
classical constellation design approach. Later, to further clarify the mathematical intractability,
we particularize the analysis for a set of constellations to demonstrate an inherent problem of
NC differential detection that makes the individual constellations of the users and the joint-

constellation non-linearly dependent.

6.2.1 Analysis of the Distribution of the Interference

The terms of Eq. 3.19 are shown to be independent in the Appendix of [87], and thus,

3
z”:z;‘—I—z?—i-zQ:Zz;l—i-z?%-zQ (6.2)
=1
where
| R
n.o _ n—11x7. n
1= R TZI[V INLg (6.3)
U R
22 =D 3 2 H] v/ Bulx (6.4)
u=1 r=1
3,

U 1 R
2ga =D 7 2 W B VBT (6.5)

u=1 r=1
Zy 3
U 1 R ) U
Zg = — H], .|" Busy, = Zy Bu o),
;R;H Jrul” ; Buexp (jo)™) 66)
u U 1 R
7 = Z Z R Z \/E[H]:,u V B [H]T,U’ [X"A]Z[X"]un (6.7)
u=14'=1 r=1
uFu’ Zy ul:é;é;l

where ¢35 = Z(s"). The terms Eq. 6.3, 6.4 and 6.5 are noise components, Eq. 6.6 is the

distorted (since R < oo) received joint-symbol and 6.7 is the inter-user interference.
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The distribution of the received joint symbol can be obtained using the independence of the
terms in Eq. 6.2 and the analysis in [11]. It utilizes the properties of the product of inde-
pendent complex circularly symmetric Gaussian variables [89], the properties of the modified
Bessel function of the second kind and zero-th order [90], and the central limit theorem (CLT)

to approximate the distribution of each term. The distribution of z;;, Zy, and zy 5 can be

g,1°
asymptotically approximated for an increasing number of antennas at the BS as

0-4 0'2
an ~ CN (O, _RV> 5 25’2, 2/;73 ~ CN <O, _§> 3 (68)

and by using some straightforward manipulations

o U
O-l/
Z;;Q, Z;L’g ~ CN <0, E E BU) 5 (69)
u=1

since a phase rotation does not change the distribution of a bivariate Gaussian. Focusing on
Eq. 6.6 and using [91], it can be easily shown that z% is a one-dimensional random variable
distributed as z% ~ I' (R, R™'). This term only affects the amplitude of the signal, and thus,

z¢ is distributed as
U

FR{=} M ZF< cos(“")>, (6.10)

U

FZ{2") |6 Zr <R EY sin (¢“")> (6.11)

where both Eq. 6.10 and 6.11 represent the summation of U independent random variables,
each following a Gamma distribution with a different scale parameter (3, and ¢5°"). We can
see that the distribution of this interference term, given in Eq. 6.6, depends on the received
joint-symbol, which is the result of superimposing the symbols transmitted by all the users
(s1). Hence, the design of a robust joint-constellation against interference and noise terms is

not straightforward since each joint-symbol has a different distribution.

The term Eq. 6.7 is a sum of U (U — 1) independent terms, so its conditional distribution given
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the differential symbols can be expressed as

f (ZQ | v gu 1 <’ < U, u# u') -
=f (5916,2) exp (] (¢;’n_1 N ¢g2c,n)) ”
x f (E’i’?’) exp (j ( glc’"_l — iv")) Kok

woeen f (B exp (5 (65" =)

(6.12)

where o™ = Z(z), 2%, 1 < u,u/ < U,u # o' is the product of % and 2% distributed
as CN (0, B8,) and CN (0, 3,), respectively. The analytical expression of f (2;’1‘,) can be ob-
tained by using [92], and it is shifted by the phase difference between the differential symbols
of each pair of users. Thus, we can see that the distribution of Eq. 6.7 is generated by the
existence of multiple users, due to the fact that the off-diagonal elements of H”H are non-
zero values. Consequently, Eq. 6.7 depends on the cross-product of the transmitted differential
symbol by each pair of users (phase difference between two differential symbols), which com-

plicates the design of the joint-constellation due to the high number of possible combinations

(unt — gumy,

Since the terms of Eq. 6.2 are independent, the conditional PDF of 2™ given the transmitted
symbols of each user can be analytically obtained as a convolution of the PDF of the terms
computed in Egs. 6.8-6.12. Assuming equiprobable joint-constellation elements, the decision

of ¢" while receiving 2" can be done using Eq. 3.20 and maximum likelihood detection as

Sy = argmax{ f(2" | ", 6" ¢¥' ™)} € O,
< (6.13)
1<u,u <Uu##u.

From the previous analysis, it can easily be observed that the variances of the real and imaginary
parts of z™ increase with increasing U. To reduce the SER and based on the previous analysis,
the different elements of the joint-constellation should be placed such that the interference
among them is minimized. However, the complexity of the constellation design significantly
increases since the PDF differs for each joint-symbol. Moreover, even if an optimum joint-
constellation is found, the individual constant modulus constellations must produce that joint-
constellation and fulfill the individual requirements, described in Section 6.1, which may not be
possible. This is aggravated by the interdependent relation between the individual constellations

of the users and the PDF of the received joint-constellation in the BS.
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6.2.2 Effect of the Individual Constellations of the Users

The relation between the individual users’ constellations, the minimum distance in the joint-

constellation and the PDF of the joint-symbols are shown with some examples of individual

and joint-constellations. We choose 2 users with 4 symbols per user, as shown in Fig. 6.2.
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Figure 6.2: Constellations for 2 users with 4 symbols per user. Top to bottom: Type A [2], Type
B [2], EEP [3] and proposed MCO, left: individual constellations, right: JC.

The minimum distance between the elements in the joint-constellation must be normalized as it

is done in Eq. (17) of [2], d

norm
min
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lations shown in Fig. 6.2 is: 0.39 for Type A, 0.6325 for Type B, 0.4142 for EEP and 0.6325 for
the MCO. Type A reduces the distance exponentially with increasing number of users and/or
constellation sizes, EEP suffers from a distance reduction in the inner circle, inherent to the con-
stellation definition structure (making the distance even O in some configurations) and Type B
is limited to differential quadrature phase-shift keying (QPSK) and the need of specific average
receive powers. The normalized minimum distance (NMD) is directly related to the perfor-
mance as it was shown in [2], and hence, the larger the NMD the better the performance. The
NMD of the joint-constellation reduces with a greater number of users U, and/or constellation
sizes M,,, thus a decrease in performance. A regular M-QAM joint-constellation maximizes
the NMD, as (M — 1)/6)~'/2, so the minimum distance of any joint-constellation will fulfill
0 < d"™ < ((M —1)/6)~/2, with M calculated by using Eq. 3.20.

min
Furthermore, it can be observed in Fig. 6.2 that the distribution of the received symbols around
the theoretical (obtained with R — o0) ones in the joint-constellation varies depending on
the individual users’ symbols. Thus, the analysis made in Eq. (17) of [2] is just valid as an
approximation since it assumes that the interference of all the joint-constellation elements are
bivariate Guassians, which is not the case as shown in Fig. 6.2. The more similarity between
the phases of the individual constellation elements that compose the joint-constellation element,
the larger interference power projects on its direction, while the opposite also holds. It can be
observed that the interference shapes of the joint constellation elements depend on the individ-
ual constellations, and that by changing the joint-constellation shape to minimize the effect of
the interference will result in the need to use different individual constellations, thus creating a

different interference and resulting in a recursive problem in the design process.

6.3 Proposed Constellation Design

Traditionally, the constellation design for coherent schemes is performed for a single user, as-
suming that MIMO processing based on CSI can separate the streams of the user equipments
(UEs). The noise and interference terms are usually modelled as bivariate Gaussians, and as
such, QAM constellations are preferred. Lastly, the bit mapping policy is often done using Gray
coding. However, the constellation design is more challenging for NC schemes, especially for
the multi-user case, as it was demonstrated in Section 6.2.1. At the same time, it is instrumen-
tal to achieve an efficient use of the time-frequency resources, allowing to multiplex several

users. In Fig. 6.1, we outline the key points to improve the performance of the NC scheme
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based on differential modulation. First, the joint-constellation 9t must be robust against the
interference and noise terms (see Egs. 6.2-6.7). When differential modulation is used, QAM
constellations are not necessarily optimum since the noise and interference terms do not fol-
low a Gaussian distribution. Once the joint-constellation is chosen, the individual constellation
for each UE (¥01,,) must be found so that when combined for all users, they create the ade-
quate joint-constellation. However, these individual constellations may not exist, forcing us to
choose an alternative joint-constellation. Finally, a bit mapping policy is required to minimize
the BER. In this section, taking into account the mathematical intractability shown in section
6.2.1, we propose two approaches (GAO and MCO) to obtain the desired constellation for each
UE by numerically solving the identified non-convex, non-linear and stochastic optimization
problems. Due to its potential to solve these types of problems, we choose evolutionary com-
putation (EC) as the algorithm to solve the optimization problems defined in GAO and MCO.
To make certain that a good solution is attained, we ensure that the performance obtained by

our proposed algorithm is (at the very least) better than that of the SoA.

6.3.1 Gaussian-Approximated Optimization (GAO)

As a first approximation to simplify the design process (valid for low SNR and R values since
the noise term (z;) dominates), the conditional distribution of 2" given the transmitted symbols
of each UE provided in Eq. 6.13 is approximated as a bivariate Gaussian distribution for all
the joint-symbols in the joint-constellation (¥Jt). Thus, the classical regular QAM constella-
tion [93] can be straightforwardly set as the joint-constellation. The problem relies on finding
the individual constellations that resemble, as reliably as possible, a regular QAM joint constel-
lation. To ease the notation, let us define the constellation vectors for the objective normalized
QAM joint-constellation, that is, the joint constellation that we would like to approach as close

as possible, and the actual individual constellation of the u-th UE, respectively, as

17, =1 - [ulan])T, (6.14)

C = [Cl o CM
where [€]; is the obtained joint-constellation and is defined as
U

&= Buleuin, 1<i<M, |€uil>=1,
€] 2231 €] |[€uli,| 615

0< Len)i, <2m, u=1,-- U, iy=1-, M,
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The individual constellations must be found for each UE ¢, such that, when combined with
their corresponding (3, they resemble the objective QAM joint-constellation as accurately as

possible. This is achieved by solving the following problem

c c

lefly el

min o

Cu,B

U
+a2) B st 1< By < B, a1+az=1. (6.16)
2 u=1

The vectors ¢ and c are normalized in Eq. 6.16 to properly compare them, S ax is the maximum
allowed ratio of the effective received power between users, and the terms «; and a are added
to allow different ways to constrain the values of 3,, Yu. When a1 << ao, the optimization
problem forces the same unitary power to all UEs (8, = 1, Vu). Otherwise, when a1 >> ao,
it does not constrain 3, values. The optimization problem is non-convex and NP-hard, so we
have to exploit numerical methods based on EC to solve this problem. More details are provided

in Section 6.3.3.

After the individual constellations for each UE (¢,, Vu) and the received power coefficients
(By, Yu) are found as a solution to Eq. 6.16, an adequate bit mapping policy for each UE is
required to guarantee a sufficiently low BER. To find this bit mapping policy, since the decision
is made over the joint-symbols (c) and since we assumed a bivariate Gaussian distribution for
all joint symbols, we define an approximated BER (F;) based on the use of the SER upper

bound [65] for a certain bit mapping policy and joint-constellation

L Ib; — by ||
Py e) = 3237 Q (el — lelel) "o (6.17)
i pi(lenlly)  S——~—
Pb(H,[Ch‘,[C]i/)

14=1
i

where p; ([cl;, [c];7) is the joint-symbol error rate produced by the decision of [c];; when [c];
is transmitted and Py (IT, [c];, [c]y) is the BER produced by the miss-decision of the joint-
symbol (as the errors shown in Fig. 6.1). In this problem, b; = g'(II, [c];) is obtained with
the inverse of the bit mapping function ggl(o) which inputs the joint symbol [c]; and the bit

mapping policy applied at the UEs zo,,.

Hence, the optimization problem for obtaining the optimum bit mapping policy for each UE
can be described as
min P, (IT, ¢) ,
I (6.18)

s.t. woy € By, By = |Bu| = My, [wuli, # [@ulirs tu # iyy 1 <,y < My,
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where ‘B, is a set of bit mapping policies for the u-th UE that contains all the possible per-
mutations of policies. The restriction [zo,;, 7# [@.]y indicates that different symbols of the
individual constellation of UE u cannot be mapped to the same bits. This is a finite integer
optimization problem which can be solved by exploiting an exhaustive search. Nevertheless,
we propose to use numerical methods based on EC when the complexity is too high, as shown

in Section 6.4.

Algorithm 4 provides a summary of the GAO. First, M-QAM is chosen for the joint-
constellation. Then, the individual constellations fulfilling Eq. 6.16 are obtained. Finally,

the bit mapping policy for all UEs is obtained with Eq. 6.18.

Algorithm 4 Constellation design based on GAO
1: procedure GAO(M, U, a1, as)

2: c +— M-QAM > Constrain the joint-constellation
3: Cy + Searchlnd(c, U, aq, as) > Individual constellation
4: II <+ SearchPolicy(c,, c) > Bit mapping

5: end procedure

6.3.2 Monte-Carlo based Optimization (MCO)

The complex circularly-symmetric Gaussian approximation employed by GAO is not accurate
enough for several realistic scenarios, and thus, it provides a suboptimal solution. We propose to
use the MCO, where no assumptions on the distribution are considered. MCO defines a single
optimization problem capable of providing the individual constellations and the bit mapping
policy of all UEs at once. It is based on the Monte-Carlo method to numerically evaluate
the performance in terms of BER of the candidates at each iteration. The MCO optimization
problem is expressed as

U U
min a1 ) [€ly+a2 Y Bu with €= gy (of, RIL3,¢ N, N,)

u=1 u=1
o i » (6.19)
st |[Cui, =1, 0<Z[ey)i, <2m, u=1,---,U; dy=1,-+- My
léﬁugﬁmax [é]:[éla ;6U]Ta a1+a2:17 wueiBm

where € is a vector of size U x 1 that contains the BER of each UE and g,/ (-) denotes a

function to obtain this BER for a particular set of system parameters. Similar to Eq. 6.16,
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this optimization problem is non-convex and NP-hard. Hence, we propose to solve it by using

numerical methods based on EC detailed in Section 6.3.3.

Fig. 6.3 provides a block diagram of the implementation of MCO, and Algorithm 5 shows its
pseudocode. The Monte-Carlo block performs a link-level simulation as described in Section
6.1. The scenario conditions of the optimization problem are R and o2, and the Monte Carlo
simulation performs N, realizations of the channel and noise, without any constraint on their
characteristics. Given the scenario conditions, the chosen individual constellations (c,,), the
ratio of average received power per user (3,) and the bit mapping policies (II) of all UEs at each
iteration, the Monte-Carlo block obtains the BER performance of all the UEs (€ of size U x 1).
To attain an accurate enough BER, we can configure the number of symbols transmitted by
each UE (N.) at each iteration and the number of iterations (/V,.). The optimization control and
i

1

!

INPUT ah. fp,

Mu NG' Np Ns; Nr Il Rr 0-\2} o, U3
! - I
Init ", B [ Monte-Carlo
lcini, gini Simulation
Optimization el + | €

Control :glz u aZZﬁuJ‘ Evaluation
NO l YES

cg", ", 1<u<U OUTPUT

Figure 6.3: Block diagram of MCO.

6.3.3 Evolutionary Computation (EC)

EC is a subfield of artificial intelligence [94], which is composed of global optimization tech-
niques based on mimicking biological evolution. It has been applied to produce optimized
solutions for a wide range of complex non-convex optimization problems when classical op-
timization techniques are not applicable, since the objective function is discontinuous, non-

differentiable, stochastic, or highly non-linear. The EC complexity is characterized by the
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Algorithm 5 Constellation design based on MCO
1: procedure MCO (Mu7NP’NG7037R7H9N§’N7"a1 ,QQ)

2 [cg‘i, 2’1] <+ Init(M,, U) > Init.
3 [cifr, ifer] — OptCtrl(ci,‘fi, Hﬂ,Np,NG) > Control Init.
4 while stop==false do

5: € MonteCarlo(ci;, 5, 012,, R,II, Ns, N,)

6 fovj < Evaluation(e, B, ay, ag) > Evaluate
7 [c!, BY, stop] + OptCtrl(ct, B, Np, N, fobj) > Control
8 end while

9: output: 54 gt | g{,‘j‘l < fobe cond it

10: end procedure

population and generation sizes (Np and Ng, respectively); hence, Np denotes all possible
solutions to the problem evaluated to generate new descendants, and Ng is the number of times
the population evolves. If Np and Ng are properly set, good and even optimal solutions can
be found for problems where the optimization parameters are continuous, as explained in [95]
and related works. Even though EC techniques consist of an optimization search with a random
component, they ensure finding optimal solutions almost always to a wide range of problems in
case they are properly configured. This is in contrast with machine learning techniques which

easily end in local minima.

From the discussion in Section 6.2, we can observe that the constellation design for a multi-user
NC scheme based on differential modulation turns into a mathematically intractable problem,
so a numerical optimization is proposed. The optimization problems presented in Eq. 6.16,
6.18 and 6.19 not only are non-convex, non-linear and stochastic, but they also show a sig-
nificant complexity. Given the EC benefits, we adopt the genetic algorithm (GA) [96] as a
solver. It is worth noting that the approach followed in this manuscript can be extended to
other non-coherent techniques such as those based on energy detection [97] or even to coherent

techniques.

6.4 Complexity Analysis and Strategies for its Reduction

In this section, we analyze the complexity of the proposed design techniques and then, we

propose strategies to reduce their complexity without losing performance.
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6.4.1 Complexity Analysis

The EC complexity depends on the population size (Np) and number of generations (Ng) [98].
They must be selected to facilitate a sufficient search of the possible results to the optimization
problem. The values for Np and N should be proportional to the dimensionality of the prob-
lem (/Np), which corresponds to the number of variables to optimize (Np o< NpNg), to ensure
an adequate solution is found. Nevertheless, they are typically obtained with some trial, error

and observation of the convergence [99, 100].

Technique Np Ny per iteration Ny per iteration

GAO Constellation | U + S>Y_, M, Y, M, Y, m,

GAO Bit Mapping | YU, M, (Hfj:l Mu) ’ (Hfle zvu)z

MCO U+SY_ M, | N,N, (R(U + 1)+ 2%, Mu) N,N, (R(U +2)+ 3117, Mu)

Table 6.1: Complexity comparison for GAO and MCO.

To provide insight into the complexity, we look at the dimensionality of the problem. Further-
more, for each population element, we account for the number of required complex products

(N) and sums (N1) [101]. Table 6.1 summarizes the complexity for GAO and MCO.

The first optimization of GAO Eq. 6.16 comprises the matching between the normalized target
QAM constellation ¢ and the obtained joint-constellation ¢. The dimensionality of the problem
depends on M, and U. At each iteration, the mean squared error (MSE) between the points
of the target QAM and the obtained one is calculated. The number of products and sums is

conditioned by the MSE computation.

The second optimization problem of GAO Eq. 6.18 is an integer optimization problem that
can be solved by an exhaustive search, since the possible amount of combinations is finite.
According to Eq. 6.18, the number of possible bit mapping policies depends on the constellation
sizes of the users. Each user can map a different set of bits for each symbol, without repetition.
Therefore, considering that user u has a constellation size M, the first symbol can be mapped
to M, different bit mapping sets {1,2,---, M, }. Once the first symbol is mapped to one bit
mapping policy, the second symbol can be mapped to M, — 1 different bit mapping policies.
We repeat until symbol M, so user u has a total of M,, x (M, — 1) x --- x 1 = M,! bit
mapping policies. Considering that the users’ bit mapping policies are independent, the amount
of possible bit mapping policies is Ny; = ngl M,! > NpNg. Even though the exhaustive

search is feasible, we propose the use of EC for solving this optimization problem to increase
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the efficiency when N, is very large. In Section 6.5, we provide a numerical comparison
to verify this point. The number of operations required (complex products and sums) at each

iteration is determined by the computation of Eq. 6.17.

Finally, the dimensionality of MCO is the same as that of the first step of GAO. However,
the complexity at each iteration is much higher for MCO due to the Monte-Carlo simulations.
The number of operations is due to the simulation of the differential encoding/decoding, chan-
nel propagation, spatial averaging, joint-symbol decision and BER computation. Additionally,

these operations are repeated N5 X [N, times to obtain an accurate enough BER estimation.

6.4.2 Strategies for Complexity Reduction

First, we note that the complexity of both steps of GAO is low enough to make the computation
time negligible for today’s computational capabilities. On the other hand, the MCO complexity
is much higher, since a Monte-Carlo simulation is executed for each member of the population
in each generation. Typically, Ng and Np should be large enough to produce a high number
of diverse potential solution candidates to be evaluated [98], to obtain a reliable-enough global
minimum. However, this method (denoted as S1) excessively increases the execution time for

the proposed MCO. Accordingly, we propose S2 and S3 to reduce the complexity.

S2 is based on a hierarchical search to reduce Np and Ng without sacrificing the performance,
being built on two phases: exploration and refinement. In the exploration phase, the genetic
algorithm is run with a very small number of Ng, Np, and a small number of N, and N,
to reduce the execution time as much as possible. Hence, a better than random but still low-
accuracy solution is found. This solution initializes a new run of the GA in which N, and
N, are increased, and then a more accurate solution is obtained. Both phases can be repeated
several times, increasing Np and N¢ in each cycle, until a convergence criterion is met. We
must ensure that the summation of the product Np N NN, of each iteration is lower than that
of S1. As we will show in Section 6.5, the complexity is reduced to about one third of the S1,

without losing on the performance of the obtained solutions.

Additionally, the solution obtained for GAO can be used as an input for MCO with reduced Ng
and Np. We first find a suboptimal but better than the SoA solution with GAO, and then refine
it with MCO. This strategy is referred to as S3. The complexity is reduced to about one fourth

compared to the S1, without losing performance, as shown in Section 6.5.
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A last strategy makes use of the solution obtained from MCO for a particular scenario (fixed
number of antennas, particular propagation channel and SNR). To explore other similar scenar-
i0s, we propose that the solution is employed as the initial point for the optimization problem
in the new scenario, and we denote this strategy as S4. As we will show in Section 6.5, the

complexity is reduced about some tens with respect to the S1, without losing performance.

6.5 Proposed Constellations and Implementation Aspects

In this section, we first propose a set of constellations, obtained with the proposed design tech-
niques, for the multiuser scenario of the UL of NC massive SIMO. Second, we give insights on

how to implement them in real scenarios.

6.5.1 Proposed Constellations

We provide a set of constellations in Table 6.5, which have been obtained with the strategy S3
of Section 6.4. While each constellation has been determined for a certain R and p, it can be
used for any values in a realistic range. These constellations outperform the SoA, as shown in
Section VI, and can be used to propose constellations for new scenarios with different users

and constellation sizes (even among users).

To read the table, please note we provide for each scenario U vectors of the form & =
[@{DY --- @Y, |, where @, is the phase in radians for the constellation element m,, of user
u(l <my < M, 1 <u < U, where M,, is the constellation size of user u). A specific
constellation element m,, of user u can be found as s;;, = exp j®,, . The mapping of element
m,, 1s obtained with a decimal to binary conversion of m,, — 1. An example of a constellation
for 2 users with QPSK (M = [4 4], B3 = [1 1]) is shown in Fig. 6.4 and another one for 3 users
with QPSK (M = [4 4 4], 3 = [1 1 1]) is depicted in Fig. 6.6.

6.5.2 Applicability in Real Scenarios

We obtained constellations by means of an offline optimization using different scenario param-
eters (R, py, v, etc.). The complexity of the online stage is not affected in any case by the
complexity of the offline design technique, and only the constellations look-up table is differ-

ent from the previous solutions in the SoA. These constellations minimize the average BER

95



Constellation Design for the Multi-user Non-coherent Massive SIMO Scenario

of the users for the scenario parameters for which they have been designed. Nevertheless, the
proposed constellations work well for any operative values of p and R. If a better performance
is desired at the expense of increasing the complexity, we may obtain constellations optimized
for different R and p values (results are more sensitive to R than to p, as shown in Section 6.6),
for the different combinations of users and constellation sizes. In this case, the proposed set of
solutions would be much larger. It is worth noting that each scenario will have a fixed R, so in

practice the constellations should be designed for that R and for a few p values.

Given the improved constellations and 3,, values for a certain scenario, the scheduler at the BS
may perform a user grouping, power control strategy (considering the p,, of the users) and mod-
ulation and coding scheme (MCS) assignment, similarly to what is done, for example, in non-
orthogonal multiple access systems [102]. Based on this strategy, it would be decided which
users should be multiplexed with which MCS and powers to share the same time-frequency
resources, with the goal of optimizing some non-coherent multiuser massive SIMO network
parameter. The user grouping and power allocation can take advantage of the different path-
loss suffered by each user to help minimize the power consumption of the users. It is worth
noting that a user re-grouping would be performed by the BS only when the large-scale effects
vary significantly (which happens slowly). This can be triggered by two factors: some users
appear or disappear from the network or the power usage required by at least one user exceeds
a predefined threshold. A detailed investigation of the user grouping, power control and MCS

assignment is part of a future work.

6.6 Numerical Results for Performance and Complexity

In this section, we first present the performance of the most representative constellations. Sec-
ond, we show numerical results for the time complexity of the EC algorithm and validate the
theoretical complexity analysis. Last, we provide results that justify the use of NC over coher-

ent massive MIMO for channels with very high mobility and/or low SNR.

6.6.1 Performance Evaluation

First, the case of 2 users with QPSK is shown since it has been used in the SoA as a baseline
case. It is important to demonstrate the capabilities of our design technique and the proposed

solution with respect to the previous work. Second, the case of 3 users with QPSK, 2 users
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with 8PSK and 4 and 5 users with BPSK are shown since the SoA solutions for these scenarios
proved to be very limited in terms of performance. Thus, we show that our proposed solution
can greatly overcome the SoA limitations. Last, the case of 3 users with different constellation
sizes is shown to illustrate that we overcome another limitation of the SoA, namely that the
previous works could not propose any set of constellations with different sizes for an arbitrary
number of users (e.g. U = 3 was not possible for several constellation sizes), while our solu-
tion can. We show the individual and joint constellations and the average BER of the uncoded
constellations. We compare our solutions with the constellation designs in [87]. To ease the
understanding of the results, the individual elements in the constellations are tagged by a num-
ber ¢, which corresponds to the sub-index of the complex symbols (¢; and ¢;'), described in Eq.

6.14. Each ¢ indicates a bit mapping that results from the decimal to binary conversion of 7 — 1.

6.6.1.1 Scenario with U = 2 and M,, = 4 Vu

In this scenario, there are two UEs, where each UE has a constellation of size M,, = 4. More-
over, in this subsection, the MCO results are obtained by setting R = 100 and SNR = 0 dB.
The solutions obtained here are superior to the ones of Type A in [2], which is worse than Type
B, so we restrict the comparison to the latter for conciseness. When o >> aip, both GAO and
MCO obtain the same solution as the constellation Type B given in [2] (81 = 1 and 52 = 2),
where each individual constellation corresponds to a 4-QAM and the joint-constellation corre-
sponds to a 16-QAM. When o << ag, the solution for both GAO and MCO is 81 = B = 1.
In Fig. 6.4, we show the individual constellations (top) for the case of 51 = B> = 1, and the
resulting joint-constellations (bottom), for the EEP [3], GAO and MCO schemes (from left to
right). For GAO and MCO, the constellation is the same and it is a 16-QAM (rotated for the
MCO). For EEP, the joint-symbols placed at the inner circle have a very small distance to each

other, which degrades the performance.

In Fig. 6.5, we plot the average BER of both UEs for the EEP, GAO and MCO, where GAO and
MCO significantly outperform EEP. The bit mapping policy is key to the performance of the
system, as shown by intentionally replacing the bit mapping policy by a bad one denoted bad
map” in Fig. 6.5, where we can see the performance degradation. Moreover, by inspecting Fig.
6.4, we can understand that GAO and MCO reduce the BER with respect to EEP by increasing

the distance among joint symbols and reducing the pairwise bit errors.
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Figure 6.4: Constellations for 2 users with 4 symbols per user with 5, = 1. From left to
right: EEP, GAO and MCO. Top: individual users constellations, bottom: joint-

constellation.

6.6.1.2 Scenario with U = 3 and M,, = 4 Vu

In this scenario, we increase the number of UEs to three, and each UE has an individual con-
stellation of size M,, = 4. The results provided by the MCO are obtained for R = 400 and
SNR = 3 dB.

In Fig. 6.6, we show the individual constellations (top) for both UEs and the joint-constellation
(bottom) for EEP, GAO and MCO (from left to right), when 3, = 1, Vu. EEP cannot be used
for three UEs as different combinations of individual symbols generate the same joint-symbols,
since 11 joint-symbols out of 64 are equal in the complex-plane, thus creating an error floor of
11/64 =~ 0.172, something avoided by GAO and MCO. In Fig. 6.7, we provide the average
BER vs. p; our proposed schemes significantly outperform EEP, and MCO performs the best.
In fact, these results confirm the mentioned error floor of EEP. Additionally, we show with
black crosses the performance when MCO is trained for p values different from the one used

for the optimization, leaving R unchanged.

It can be seen that the effect of p is almost negligible in the case of the MCO, except for very low
p values. Additionally, we show an example of the combination of the proposed constellations
with channel coding, which is common practice in wireless communications standards, so the

BER performance can be significantly improved. The chosen coding scheme is a 1/2-rate low
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Figure 6.5: BER vs. p for 2 users and 4 symbols per user with 3, = 1.

density parity check code (LDPC) with a block of 8424 bits, which is used in 5G [77], and
the performance is improved by about two orders of magnitude. In Fig. 6.8, we provide the
average BER vs. the number of antennas (?); again, EEP has an error floor irrespective of the
number of antennas, GAO outperforms EEP and MCO outperforms both GAO and EEP. In this
case, the black crosses show the BER obtained when MCO is trained for the same p and R is
set to values different from the one used for the optimization. Additionally, the effect of R is
considerable when its value is relatively large, contrary to the SNR. These results demonstrate
that it is feasible to use the constellation design of a particular p and/or R and for a wide range

of operational values.

6.6.2 Scenario: U =3, M, =4and 3, # 1,Vu e [1,--- ,U]

If we do not restrict 3, values (a2 = 0) in the objective function of GAO and MCO, the
obtained solution is the same as given by Type B in [2]. Furthermore, if we set a; ~ a2, GAO

and MCO provide different solutions than the previous ones.

In this case, the constellations of user 1 and user 2 will be equal to the ones in the top-center
constellation in Fig. 6.4, while the constellation of the third user will be a classical QPSK. For
this configuration, two different solutions were found, depending on how «; and oy were set,
one with power terms 31 = 32 = 1 and 33 = 2.53 and the other one with 3; = 32 = /10 and

B3 = 1. In both cases, the joint constellation resembles a 64-QAM constellation, as shown in
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Figure 6.6: Constellations for 3 users with 4 symbols per user with 3, = 1. From left to right:
EEP, GAO and MCO. Top: individual users constellations, bottom: JC.

Fig. 6.9. The BER performance is shown in Fig. 6.10. The results for the multiuser scenario
show an error floor caused by the interference between users. Thus, we recommend to restrict

the operational values to ngl M, < 64 (Table 6.5).

6.6.2.1 Scenario with U =2, M, =8 and 3, = 1, Vu

We set two UEs and a constellation size of M,, = 8. The results provided by MCO are ob-
tained for & = 300 and SNR = 0 dB. In Fig. 6.11, we show the individual (top) and joint
constellations (bottom) obtained with EEP, GAO and MCO (left to right). In this case, the con-
stellations obtained with GAO and MCO are virtually the same, with the MCO being a rotated
version of that of the GAO. For the case of EEP, the distance of the joint-symbols placed at the
inner circle is very low, increasing the average BER. On the contrary, both GAO and MCO try
to keep the same distance among the neighbour joint-symbols. The bit mapping policies are
different, as observed from Fig. 6.11b and Fig. 6.11c, but the performance is the same, since
several bit mapping policies are equivalent, due to the symmetry of the constellations. More-
over, M, > 8 can be performed with GAO and MCO, and the results follow the same strategy
as for M,, = 4 and M,, = 8. However, their BER performance is degraded since the distance

among joint-symbols is reduced.

In Fig. 6.12, we plot the average BER comparison of both UEs, for R = 128 and R = 512. It
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Figure 6.7: BER vs. p for 3 users and 4 symbols per user with 3, = 1, for R = 256 and R =
1024. Black crosses show the best performance with MCO optimized for those
values. The performance with LPDC-1/2 coding is shown.

can be seen that the improvement of the BER with the number of antennas for the EEP is lower
than that for GAO and MCO. This is caused by the reduced distance in the inner circle of the

joint constellation. Both GAO and MCO have the same performance and outperform EEP.

6.6.2.2 Scenario withU =4 and U = 5 for M, = 2 Vu

We simulate 4 and 5 users, all with BPSK and the same average receive power, for the EEP
and the proposed constellations in Table 6.2 (obtained with S3). The results shown in Fig. 6.13
are obtained for R = 1000 for both an IID Rayleigh channel and a geometric wideband (GEO)
channel defined in TR 38.901 3GPP. The EEP is clearly outperformed by our proposal.

6.6.2.3 Scenario with U = 3 with different constellation sizes

In this case, we set 3 UEs with different constellation sizes (BPSK for the first user, and QPSK
for the other two), to show that both GAO and MCO can cope with this type of constraints.
EEP is limited to having the same constellation sizes for all UEs. In Fig. 6.15, the individual
constellations are shown on top, and the joint constellations are shown at the bottom. From left
to right, we have the solution of the GAO for 8, = 1, Vu, the MCO for B, = 1, wu and both
the GAO and MCO for 3 = [1,2,2.4]. The BER performance is better for the MCO than for
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Figure 6.9: MCO Constellation for 3 users and 4 symbols per user, with 51 = 83 = 1 and
Bo = 2.53 or with 1 = B3 = V10 and 2 = 1.

the GAO with 8, = 1, u, and the solution with 3 = [1, 2, 2.4] outperforms the other. In Fig.
6.14, we show the BER for the case of 3 users where one uses a BPSK and the other two use a

QPSK, for R = 128 and R = 512.

6.6.3 Complexity of the Offline Optimization

The constellations proposed in Section 6.5.1 have been obtained with the parameterization in
Table 6.2. For strategy S2, we indicate the cycle and step as (cycle-step). The total complexity
is decreased by around 3 times for S2 with respect to the strategy S1, but the total number of

generations is greater and the total population size is similar. The solutions obtained for the S1,
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Figure 6.10: BER vs p for 3 users and 4 symbols per user, with 3, # 1,Vu. Average and

individual users performance are shown. R = 500, GAO and MCO same results.

S2, S3 and S4 strategies are virtually identical and their differences manifest mainly in rotations
and very small variations in the position of the symbols. The variables of both GAO and MCO

S1 have been randomly initialized.

Ng Np N, | N,
GAOIst | AU +SM,) | 20U +M,) | X | X
GAO 2nd 30 300 X | X

MCOS1 | 6(U + 3 M,) | 20(U + 2 M,) | 1000 | 1000
MCO S2 (1-1) | 2(U + X M,) | 5(U + S M,) | 100 | 100
)
)

MCO S2(1-2) | 2(U + S M,) | 5(U+S>M,) | 100 | 100
MCOS2(2) | 3(U + > M,) | 10(U + 3 M,) | 1000 | 1000
MCO S4 U+ M, U+ M, |1000 | 1000

Table 6.2: Configuration of Ng, Np, N, and N for different strategies.

As the previous results evidence, MCO has the best performance, outperforming the existing
solutions and GAO, at the expense of increasing the complexity. In Section 6.4, four different
strategies were introduced to reduce the complexity, while obtaining the same results. In Table
6.3, we provide the total number of operations and execution time per design technique and
strategy. GAO (1) and GAO (2) refer to the first and second step of GAO, respectively. All
times are obtained for a processor AMD Ryzen 7 2700X 3.7 GHz. GAO uses a single processor

and MCO uses parallel processors (12 times faster). Nevertheless, GAO performs on average
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Figure 6.11: Constellations for 2 users with 8 symbols per user with 3, = 1, Vu.

Ny | T GAO (1) GAO (2) MCO S1 MCO S2 MCO S3 MCO $4
U=2,M=[44] | 12810 | 13s | 154-10° | 2.3s | 7.6-10'0 | 12h | 3.32.10'0 | 5h | 5.10% | 347s | - | 352s
U=3,M=[444] | 1152:10% | 1165 | 5.8-10% | 573s | 2.51-10" | 39h | 1.1-10'* | 17h | 2.10° | 1231s | - | 1302s
U=2,M=[8 8] | 1659-10% | 167s | 8.2.10° | 1.1h | 2.83-10'! | 44h | 1.24-10' | 19h | 2.2:10° | 5003s | - | 1315s
U=3,M=[224] | 155-10% | 16s | 2.56-10% | 0.7s | 9.2-10'° | 14h | 410" | 6.2h | 8.10% | 367s | - | 371s

Table 6.3: Number of products (N« ) and execution time ('T') for different scenarios.

around 10k operations per second and MCO around 150k operations per second per processor

(as per Matlab matrix multiplication).

6.6.4 Non-coherent versus Coherent Scheme Performance

In this subsection, we are going to check how well the proposed NC constellations behave
with respect to the coherent scheme. For this, we consider a multipath time-varying channel
and an implementation with OFDM modulation according to the 5G new radio numerology.
To obtain the results, the coherence time is calculated as 7, = 0.15 fBl [57], where fp is the
maximum Doppler frequency. To implement time correlation effects we use the autocorrelation
model of (2) in [76]. We also consider that the duration of an OFDM symbol is the inverse of

the separation between subcarriers 75 = 1/A #. We can obtain the ratio of coherence time to
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Figure 6.12: BER vs p for 2 users and 8 symbols per User, for R = 256 and R = 1024. MCO
obtained for R =300 and p=0dB.

the OFDM symbol duration as Nor = T./Ts, which is given in Table 6.4 for 5G scenarios
with very high mobility, such as high speed trains, at 500 km/h (maximum speed for 5G).
Only the values that are compatible with the allowed combinations of carrier frequency (f.)
and subcarrier spacing (A ) in the 5G standard are shown; otherwise they are marked with “*-”
in the table. The coherent scheme uses channel estimation based on zero-forcing with pilot

symbol assisted modulation (PSAM), as done in [11].

Ner | Ap=15 | Aj=30 | Ap=60 | Ap=120 | As=240
fe=07 7 15 29 - .
f-=3.6 1.4 2.8 5.6 - -
fe=27 - - - 1.5 3
fe=54 - - - - 1.5

Table 6.4: Ratio of T,. and OFDM T (N¢r), for v = 500 km/h for different carrier frequencies
fe in GHz and carrier spacing Ay in KHz.

The results are shown in Fig. 6.16 for different No7 values and multipath channels with a
delay spread (o < 1us), so the minimum coherence bandwidth is B. ~ 1/(50,) = 200 kHz.
Performing the differential encoding of the NC scheme over the frequency domain [59] and
following the 5G standard [77], 4 out of 14 OFDM symbols correspond to reference signals
for each slot. The SNR (p) for the coherent scheme has been penalized as 10p/14 due to the

channel estimation overhead. For high p, the NC outperforms the coherent scheme except for
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Figure 6.13: BER vs. p for 4 and 5 users and 2 symbols per user with 3, = 1, for R = 400, for
an IID and a GEO 3GPP channel. Continuous line (S3 MCO) and dashed (EEP).

Ner > 10. For Nor < 5, the NC outperforms the coherent scheme for all p values. Also, the

NC outperforms the coherent counterpart in the low p regime even for large No7.

6.7 Concluding Remarks of the constellation design for multi-user

NC massive SIMO

In this chapter, we have proposed new constellations using a novel technique based on evolu-
tionary computation (EC) for the NC massive SIMO in multi-user UL scenarios. The proposed

constellations outperform the state-of-the-art solutions.

We have shown that a classical analytical approach is intractable and proposed two different
approaches for solving this problem, referred to as GAO and MCO. The former obtains the
individual constellation and the bit mapping policy for each UE by solving two different opti-
mization problems with a constrained complexity and considering assumptions about the PDF
of the received joint-symbols. The latter determines the constellations and the bit mapping
policies in a single optimization problem by evaluating the system BER using a Monte-Carlo
simulation. The numerical results have verified our analysis of the distribution of the received
joint-symbols, and shown that both GAO and MCO significantly outperform the existing con-
stellations, while MCO outperforms GAO in most scenarios. We have also presented the time

complexity and number of operations for each scenario, confirming the validity of our com-
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BER

Figure 6.14: BER vs SNR for 3 users and M=[2 2 4], for R = 128 and R = 512. MCO
obtained for R = 300 and SNR=-3dB.

plexity analysis.

Since these design techniques are envisaged to be executed offline, a BS could, in real time,
perform user selection and power allocation strategies to select the best configuration for a
particular scenario. The designs are valid for a wide range of parameters, and the selected

constellations can be maintained for as long as the user distribution does not change.

This work contributes to the improvement of the performance of NC schemes combined with
large number of antennas, with an offline design of the constellations. It has shown the viability
of the proposed constellations to multiplex a moderate number of users with moderately large
constellation sizes in the same time-frequency resources. This is a significant improvement
with respect to previous NC constellations in the literature and paves the way to achieving
even better multiplexing capabilities, particularly in scenarios where NC schemes are known to

outperform coherent communications.
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with 3 = [1,2,2.4]
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Figure 6.16: Non-coherent (M,, = [4 4] and 3, = [1 1] from Table 6.5) vs. coherent scheme
(2 users with regular QPSK) for R=128, for different Nc.

108



Constellation Design for the Multi-user Non-coherent Massive SIMO Scenario

U M Bu 3
22 11 03.14 1.574.71
24 11 5.872.71 1.890.87 4.31 5.53
24 131 3.69 0.41 1.534.632.88 5.98
24 1195 2.35.84 2.490.97 4.49 5.61
28 11 5.874.37 3.530.824.762.14 1.49 0.2 5.67 5.20
28 115 3.110.58 0.443.83.064.61.07 1.87 6.14 5.16
28 11.8 30.11 2.80.924.411.5853.355.90.16
216 11 1.08 4.42 2.550.10.93.61.914.941.225.562.790.47 3.01 3.322.17 5.21 1.53 5.95
2 44 11 0.98 4.11 1.88 5.03 0.335.68 2.65 3.51
44 12 03.141.574.71 03.14 1.574.71
48 11 21.084.64 3.82 3.42911.692.015412.580.25.99
48 21 1.94 0.23 3.47 5.03 43.264.735.27 1.752.64 0.29 6.07
416 11 3.853.230.220.87 1.531.331.881.152.855.61 5.21 5.422.28 0.152.14 428 2.51 6 4.95
416 11.4 2.524.565.51.48 0.56.23.463.771.50.73.30.855.64.433.060.27 1.35.924.142.5
416 21 3.05 1.5 4.64 6.05 1.041.37 0.7 1.08 6.07 5.8 0.18 6.06 2.52 1.9 3.05 3.6 5.04 5.44 4.36 4
88 11 10.63.653.2460.24.172.92 4.93534.465.742.211.722.571.29
88 1.121 55575526322361.82.7 14.550.68 1.505.06 4.08 3.57
222 111 3.390.24 49035 1.77 4.99
224 111 6.05 2.67 1.354.54 2.461.893.16 1.32
224 1.81.81 0.122.87 1.58 4.44 3.915.642310.8
224 11226 3.540.74 4.32.37 4.212.440.965.73
228 111 3.992.73 0.84 4.17 1.61 5.532.06 3.144.96 6 0.21 2.55
228 11233 0.312.7 1.234.35 0.92.573.68 5.360.532.224.14 5.75
228 14141 34204 1.684.73 3.816.07 4.68 5.34 0.76 3.01 1.38 2.1
3 244 111 1.54.38 1.7 6.24 4.85 3.38 3.06 6.08 2.57 5.48
244 16151 3.06 6.08 1.380.753.94.5 4.412.625.751.55
244 1127 4.441.39 6.281.8253.14 4.820.44 3.37 1.63
248 111 2.616.24 4.656.11.761.22 0.454.06 0.82 3.74 0.09 3.17 1.15 3.49
248 16151 4.291.63 045452432 0.37 0.8 0.055.96 1.56 1.17 3.46 2.88
444 111 3.01 1.14 6.05 4.45 3.643.21.685.55 5.030.99 1.88 4.12
444 12531 3.615.822.68 0.46 2.360.793.935.5 5.18 1.11 4.252.03
444 124 01.573.144.71 01.573.144.71 01.573.144.71
2222 1111 5.06 3.93 5.90.69 1.724.78 0.133.24
2222 211211 3.870.55 53822 529232 3.850.6
2224 1111 5.842.54 0.87 4.51 4.612.5 3.41.884.190.44
41 2224 2414241 2.855.97 3.630.58 4.751.32 6.014.771.623
2228 1111 5.891.01 2.965.58 4.17 1.14 4.95530.30.641.73.523.95
2244 1111 091 1.33 3.964.4 3.150.06 2.63 5.89 5.572.40.423.87
2244 3331123 423121 2.495.78 5.153.420.28 1.9 1.78 0.38 5.01 3.46
22222 11111 5.12.19 24342 0.49 3.76 3.320.05 1.374.58
: 2222211116342 0.584.53 4.65 2.55 3.650.33 3.36.26 1952

Table 6.5: Proposed constellations (phases in radians) for different U, M, and 3,. Column

®, has U vectors with M, elements each.
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Chapter 7
Conclusion and Future Research

The 1940s saw the initial conception of the cellular idea for wireless communications, and
it has survived to the present day. In general, this technology has advanced in response to
the need for new and improved capabilities, such as higher data rates, lower latency, and a
bigger number of devices, in increasingly challenging situations. In the 5G era, the goal is to
support the communication at speeds of 500km/h utilizing the least possible energy and for 6G
speeds of up to 1000km/h are under discussion. In this context, future wireless generations will
potentially require the need to work in further demanding scenarios, for which the avoidance in

the need to utilize the CSI is very interesting.

The NC-mMIMO seems a natural choice to be able to fulfill the desired requirements of future
wireless communications in scenarios with stringent conditions. The end goal is to propose a
scheme which can avoid the CSI estimation that is problematic in such scenarios. This the-
sis addressed improvements for the single user operation of NC-mMIMO by proposing a CF
approach to naturally improve its performance and by proposing a blind channel estimation
with NC data to combine its use with the coherent approach. This thesis also addressed im-
provements for the multiuser scenario of NC-mMIMO by proposing optimal constellations for
Rayleigh channels. This chapter serves as the work’s epilogue, providing a summary of all

contributions, conclusions, and some directions for further study.

7.1 Summary and conclusions

In Chapter 2, the path towards a pilot-less massive MIMO system that is convenient for strin-
gent scenarios is presented. For that, the classical coherent massive MIMO-OFDM scheme is
presented first, followed by the limitations imposed by the channel estimation process in scenar-
ios with stringent propagation conditions and finalizing with a presentation of the non-coherent

massive MIMO technique, explaining its history and its state-of-the-art.
Throughout Chapter 3, the system model for the entire document is presented. The propagation
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channel model is explained first, where a Rician spatially, time and frequency correlated chan-
nel is described for a generic BS a, then the coherent TDD massive MIMO-OFDM is explained
in which the problem of a channel estimation imperfection caused by ”channel aging” and noisy
estimation is detailed. Last, the system model for the non-coherent massive MIMO-OFDM is

pointed out.

Chapter 4 presents a cell-free approach for the NC-mMIMO scheme, in which the reception
of the NC data is performed over several APs. For this, we first analyze the distribution of
the received NC symbol for Rician spatially correlated channels over several uncorrelated APs,
followed by three AP selection approaches and ending with a comparison between the coherent
and the non-coherent cell-free approaches. It is shown how the NC can outperform the coherent
scheme for the cell-free approach and it is also shown that the NC can greatly benefit from the

use of several uncorrelated APs.

A novel blind channel estimation is presented in Chapter 5, where the NC data which is detected
without the need of CSI is reconstructed and utilized to estimate the channel. With this blind
channel estimation two schemes are proposed. The first one is based on an UL OFDM scheme
in which the classical pilot signals are substituted by NC data, with the consequent increment
in the efficiency of the UL. The second one is based on performing TDD with an UL based only
on NC-mMIMO and with the DL based on precoding with the channel estimated utilizing the
reconstructed NC data. The DL data is differentially encoded to avoid the use of demodulation
pilots. The error in the channel estimation without ”channel aging” is analyzed in the first one
while ”channel aging” is considered in the second one. In the first one, the increment in the
throughput efficiency with the proposed scheme is shown with respect to the coherent and NC
schemes. In the second one, the BER performance of Monte Carlo simulation is shown for
different TDD slots duration and coherence times, and it is shown that the proposed pilot-less

scheme outperforms the classical pilot-based.

Lastly, Chapter 6 proposes a new design technique for the constellations in MU NC-mMIMO
based on solving a numerical optimization problem by means of evolutionary computation,
due to the mathematical intractability when classical design approaches are intended. With
this design technique, a set of optimal constellations is provided for different number of users,

constellation sizes per user and mean received power per user.

Along this thesis, the different proposals to improve both the single-user and the multi-user NC
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scheme have been shown to be valid and convenient for such purpose, and demonstrated better

than their coherent counterpart in fast varying and/or low SNR channels.

7.2 Future research work

In light of this thesis, the following study areas are suggested for further development:

* Improvement of NC-CF-mSIMO for a multiuser scenario. For the multiuser sce-
nario, an extension of the proposed NC-CF-mSIMO scheme proposed in Section 4.3 is
of interest. Utilizing a different set of suitable joint-constellations in each AP given the
propagation conditions between each user and each AP, we can perform hard detection of
the individual symbols of each user at each AP and combine them in the CPU to improve

the detection with respect to a single-AP.

* User Allocation Strategy for a multiuser scenario. For the multiuser scenario, a user
allocation strategy that selects the best users given different conditions of channel prop-
agation properties and user needs is of interest for the real deployment of the multiuser
NC-mMIMO. Due to the fact that it is expected that several users will enter and leave
the network in real time, and their propagation conditions and communication needs will

also change, mechanisms to coordinate all these users are interesting.

* NC Constellations for Rician Channels for the multiuser scenario. For the Rician
channel, the constellation design is more complicated due to the fact that the joint-
constellation in the RX side is not the sum of the individual constellations of the users
affected by their mean received power. The joint-constellation is also affected by the
Rician factor, and thus, other approach that may use deep learning techniques will be

needed.

* New Receivers for the NC-mMIMO. The reception of the NC-mMIMO is based on
performing a differential decoding in each antenna followed by an averaging over the
antennas in the BS and there should potentially be better RXs that can increase the per-
formance for the RX side. Some ideas are based on utilizing machine learning techniques

to create deep neural networks based receivers that can outperform the state-of-the-art.
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