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Abstract

Abstract

In 5G-Advanced and 6G communication systems, millimeter-wave (mmWave)
Massive MIMO technology is crucial for enhancing spectral efficiency. However,
traditional fully analog and fully digital beamforming face significant technical
bottlenecks. Hybrid beamforming provides a practical trade-off between performance and
cost through joint analog and digital baseband processing. The conventional Orthogonal
Matching Pursuit (OMP)-based hybrid beam optimization algorithm, which performs
steering vector matching globally, suffers from high computational complexity and is
prone to "pseudo-peak" errors under strong clutter interference, leading to target loss. To
address these issues, this thesis investigates beam optimization design methods for large-
scale array MIMO systems and attempts to improve traditional beamforming algorithms.

Firstly, this thesis establishes physical layer spatial array models, including Uniform
Linear Arrays (ULA) and Non-Uniform Linear Arrays (NULA), and evaluates the
performance of fully digital, fully analog, DFT codebook-based, and conventional OMP
algorithms.

Secondly, addressing the limitations of the global blind search in conventional OMP,
an improved algorithm based on Target Sector Constrained OMP (TSC-OMP) is explored.
By integrating spatial prior information to construct a localized overcomplete dictionary,
TSC-OMP reduces redundant dimensions during RF chain allocation. Simulation results
indicate that this algorithm lowers computational complexity while reasonably
approaching the theoretical upper bound of the fully digital architecture.

Finally, a Python-based visualized experimental platform for large-scale MIMO
beam optimization is implemented, enabling interactive physical parameter configuration
and one-click multi-algorithm evaluation. Furthermore, a preliminary exploration of end-

to-end beam prediction based on deep learning is conducted based on existing literature.

Keywords: Massive MIMO; Hybrid Beamforming; Orthogonal Matching Pursuit (OMP);

Target Sector Constraint; Robustness Analysis; Non-Uniform Linear Array.
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AP FASEREAT 1 BAR A BRSO o B — N, AER 2-1 7, XX
LSBT T RAED A, ARSI ERIEN S %,
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Hybrid Beamforming for Massive MIMO:

A Survey

Andreas F. Molisch, Vishnu V. Ratnam, Shenggian Han, Zheda Li, Sinh Le Hong Nguyen, Linsheng Li, and Katsuyuki Haneda

Hybrid multiple-antenna
transceivers, which com-
bine large-dimensional
analog pre/postprocess-
ing with lower-dimen-
sional digital processing,
are the most promising
approach for reducing
the hardware cost and
training overhead in
massive MIMO systems.
The article provides a
comprehensive survey of
the various incarnations
of such structures that
have been proposed in
the literature.

A versioh of this article
with additional references
can be found at andv.org/
abs/1609.05078.

1 In aslight abuse of nota-
tion, we denote 1-10 GHz
as “centimeter waves,” and
10-100 GHz as “millimeter
waves.”

ABSTRACT

Hybrid multiple-antenna transceivers, which
combine large-dimensional analog pre/postpro-
cessing with lower-dimensional digital processing,
are the most promising approach for reducing
the hardware cost and training overhead in mas-
sive MIMO systems. This article provides a com-
prehensive survey of the various incarnations of
such structures that have been proposed in the
literature. We provide a taxonomy in terms of the
required channel state information, that is, wheth-
er the processing adapts to the instantaneous or
average (second-order) channel state information;
while the former provides somewhat better sig-
nal-to-noise and interference ratio, the latter has
much lower overhead for CSI acquisition. We fur-
thermore distinguish hardware structures of differ-
ent complexities. Finally, we point out the special
design aspects for operation at millimeter-wave
frequencies.

INTRODUCTION

Multiple-input multiple-output (MIMO) technolo-
gy, that is, the use of multiple antennas at transmit-
ter (TX) and receiver (RX), has been recognized
since the seminal works of Winters, Foschini and

Gans, and Telatar, as an essential approach to

high spectral efficiency (SE). In its form of multi-us-

er MIMO (MU-MIMQ), it improves SE in two
forms:

+ A base station (BS) can communicate simul-
taneously with multiple user equipments
(UEs) on the same time-frequency resources.

+ Multiple data streams can be sent between
the BS and each UE.

The total number of data streams (summed
over all UEs in a cell) is upper limited by the small-
er of the number of BS antenna elements, and the
sum of the number of all UE antenna elements.

While MU-MIMO has been studied for more
than a decade, the seminal work of Marzetta
introduced the exciting new concept of “massive
MIMO,” where the number of antenna elements
at the BS reaches dozens or hundreds. Not only
does this allow increasing the number of data
streams in the cell to very large values, it also sim-
plifies signal processing, creates “channel hard-
ening” such that small-scale fading is essentially
eliminated, and reduces the required transmis-
sion energy due to the large beamforming gain;

see, for example, [1] for a review. Massive MIMO
is beneficial at centimeter-wave (cmWave) fre-
quencies, but is essential in the millimeter-wave
(mmWave) bands,’ since the high free-space
path loss at those frequencies necessitates large
array gains to obtain sufficient signalto-noise ratio
(SNR), even at moderate distances of about 100
m.

However, the large number of antenna ele-
ments in massive MIMO also poses major chal-
lenges:

+ A large number of radio frequency (RF)
chains (one for each antenna element)
increases cost and energy consumption.

Determining the channel state information

(CSI) between each transmit and receive
antenna uses a considerable amount of spec-
tral resources.

A promising solution to these problems lies
in the concept of hybrid transceivers, which use
a combination of analog beamformers in the RF
domain, together with digital beamforming in the
baseband, connected to the RF with a smaller
number of up/downconversion chains. Hybrid
beamforming was first introduced and analyzed
in the mid-2000s by one of the authors and col-
laborators in [2, 3]. It is motivated by the fact that
the number of up-downconversion chains is only
lower-limited by the number of data streams that
are to be transmitted, while the beamforming
gain and diversity order is given by the number
of antenna elements if suitable RF beamforming
is done. While formulated originally for MIMO
with arbitrary number of antenna elements (i.e.,
covering both massive MIMO and small arrays),
the approach is of interest in particular to mas-
sive MIMO. Interest in hybrid transceivers has
therefore been revived over the past three years
(especially following the papers of Heath and
co-workers, e.g., [4]), where various structures
have been proposed in different papers. Thus,
the time seems ripe for a review of the state of
the art, and a taxonomy of the various transceiver
architectures (often simplified to provide com-
putational or chip-architectural advantages) and
algorithms. The current article aims to provide this
overview, and point out topics that are still open
for future research.

This survey covers hybrid beamforming struc-
tures using instantaneous or average CSI in the
following two sections. A special structure incor-
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