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To explore the full potential of ultramassive multiple- 
input, multiple-output (MIMO) communication sys-
tems, it is fundamental to understand new ultramas-
sive MIMO channel characteristics and establish 

pervasive channel models. On this basis, large-dimensional 
spatial-temporal transmission and random access technol-
ogies need to be investigated and evaluated for better 
practical implementation. First, this article reviews recent 
advances of ultramassive MIMO technologies in the tradi-
tional spatial domain, including wireless channel charac-
terization and modeling, channel estimation, spatial 
multiplexing, and precoding. Second, considering the dra-
matic increase of base station (BS) antennas and access 

users in ultramassive MIMO systems, the confronted 
high-dimensional complexity and computing burden of 
these ultramassive MIMO technologies are indicated. To 
provide an efficient and systematic solution, the emerging 
tendency to transform related technologies from the tra-
ditional spatial domain to the beam domain is introduced. 
The utilities of large sparsity merit, reduced energy con-
sumption, and improved usage of radio frequency (RF) 
chains in the beam domain channel are elaborated. Last, 
future challenges of ultramassive MIMO communication 
systems are discussed.

Introduction
To realize the visions of the 6G wireless communication 
system, full utilization of spatial, temporal, frequency, 
and code resources have been explored to serve 
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ultramassive transmission and access of users/devices 
and to provide high-quality communication even in very 
high-mobility scenarios [1], [2]. Ultramassive MIMO, 
evolving from long term evolution (LTE) MIMO and mas-
sive MIMO, equips hundreds or thousands of antenna 
elements at the BS can serve tens or hundreds of users 
with the same time and frequency resources simultane-
ously. Benefiting from the abundant spatial degrees of 
freedom, the ultramassive MIMO technology is a perfect 
candidate catering to 6G demands. It can greatly 
increase channel capacity, energy efficiency, and spec-
trum efficiency. However, it also poses challenges to 
hardware design, signal and arithmetic design and pro-
cessing, resource allocations, etc.

The design of the ultramassive MIMO system is high-
ly reliant on fundamental physical layer (PHY) theories 
and technologies. As shown in Figure 1, wireless channel 
measurements, multipath component (MPC) parameter 
estimation, channel characteristics analysis, and chan-
nel modeling are essential procedures to understand the 
statistical properties of the ultramassive MIMO channel. 
They are useful to clarify the dependency relationships 
of channel statistical properties with array configura-
tions, frequency bands, and other system setups. A per-
vasive channel model is also an important prerequisite 
for the following PHY technology design and evalua-
tion. Based on the channel characteristics and channel 
model, large-dimensional spatial-temporal transmission 
techniques and random access techniques can be stud-
ied, including channel estimation, spatial multiplexing, 
precoding, etc. [3]. In addition, the impacts of system 
configurations on energy efficiency, spectrum efficiency, 
economic/hardware efficiency, sum-rate capacity, and 
terminal capacity can be analyzed with the aid of mas-
sive information theory.

However, with the ultramassive expansion of array 
size, traditional methods and techniques in MIMO and 
even massive MIMO systems are no longer suitable for the 
ultramassive MIMO system. It has already been verified 
that wireless channels facilitating ultramassive arrays 
show different propagation characteristics, including 
more obvious spherical wavefront, spatial nonstation-
arity, channel hardening, etc. Consequently, traditional 
MPC parameter estimation algorithms and channel 
models under plane wavefront and spatial stationary as-
sumptions are not suitable for the ultramassive MIMO 
channel. In addition, as the large amount of antenna ele-
ments require paramount RF chains, this poses a heavy 
burden on practical implementation as well as channel 
state information (CSI) acquisition. Due to the imperfect 
channel estimation under massive pilot overhead, the 
upper bound of massive spatial-temporal transmission 
sum-rate and the tradeoff among energy, spectrum, and 
economic efficiencies need to be studied. Large-dimen-
sional spatial-temporal transmission and random access 
techniques need to be explored to adapt to more complex 
communication scenarios. It is also necessary to work on 
large-dimensional computing theory to support reliable 
communication in real time. Then, how to reduce com-
plexity with ensured accuracy at each key procedure is 
crucial for the ultramassive MIMO system.

Traditionally, it is natural to study wireless channel 
and PHY techniques in the spatial domain. Recently, 
more efforts have been devoted to research in the beam 
domain. The beam domain channel can be transformed 
from the traditional spatial domain channel using uni-
tary discrete Fourier transformation (DFT) matrices. 
The wireless channel can be observed through transmit-
ter (Tx) and receiver (Rx) beam pairs. The channel coef-
ficient of each beam pair is only contributed by MPCs 
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Figure 1  Key PHY technologies of ultramassive MIMO. MPC: multipath component.
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that fall into this beam pair, i.e., with limited angles of 
arrival and departure. Considering the clustering na-
ture of MPCs in ultramassive MIMO channels, only a few 
channel coefficients are related to MPCs, while others 
are dominated by noise. This is also known as the chan-
nel sparsity. It is found that the different beam domain 
channel elements are asymptotically uncorrelated, and 
their envelopes tend to be independent of time and 
frequency [4]. To explore the full potential of ultramas-
sive MIMO communication systems, it is meaningful to 
fully review the recent advances of ultramassive MIMO 
channel characterization and modeling, as well as large-
dimensional spatial-temporal transmission and random 
access techniques in both spatial and beam domains.

The remainder of this article is organized as follows. 
In the “Ultramassive MIMO Channel Characterization 
and Modeling” section, we focus on the ultramassive 
MIMO channel characterization and modeling. In the 
“Ultramassive MIMO PHY Technologies” section, ultra-
massive MIMO PHY technologies are surveyed in both 
spatial and beam domains. In the “Future Research Chal-
lenges” section, future research challenges are given. 
Finally, we present the “Conclusions” section.

Ultramassive MIMO Channel  
Characterization and Modeling

Channel Characterization and Modeling  
in the Spatial Domain
The comprehensive understanding of ultramassive 
MIMO channel characteristics and acquisition of wire-
less channel mathematical expression are meaningful for 
the design of devices, antennas, radio and signal pro-
cessing elements, protocols, and systems/networks 
according to system requirements. It is fundamental to 
evaluate link-level, system-level, and network-level per-
formance in a realistic, repeatable, and reproducible 
manner [5].

The channel characterization and modeling rely on 
carrying out extensive channel measurements, high- 
resolution parameter estimation, and channel char-
acteristics analysis. Especially for MPC parameter es-
timation, besides the Bartlett beamforming, Capon’s 
beamformer, multiple signal classification (MUSIC) algo-
rithm, unitary estimating signal parameter via rotatio
nal invariance technique (ESPRIT), etc., the commonly 
used algorithm is the space-alternating generalized  
expectation-maximization (SAGE) algorithm. However, 
with the expansion of antenna elements and high tem-
poral resolution brought by millimeter wave (mmWave) 
and terahertz (THz) bands, the data size and number 
of parameters to be estimated increase exponentially. 
This poses a huge challenge to real-time data process-
ing, especially in a high-mobility time-variant scenar-
io. In addition, some new ultramassive MIMO channel 

characteristics need to be considered. For example, the 
Rayleigh distance calculated under the ultramassive 
array becomes large, and the cluster/Rx lying within 
the Rayleigh distance suffers from the near-field effect. 
That means that the impinging wave exhibits a spheri-
cal wavefront and arrives at the ultramassive antenna 
elements with different angles and delays. Besides, dif-
ferent antenna elements may see different clusters, i.e., 
there is spatial nonstationarity along the ultramassive 
array [2]. While most existing channel parameter esti-
mation algorithms assume narrowband, plane wave-
front, and spatial stationary propagation, research on 
algorithms that consider new massive MIMO channel 
characteristics needs to be considered.

Wireless channel models can be divided into tra-
ditional nonpredictive and artificial intelligence (AI)-
based predictive categories [6]. The former category 
includes the deterministic model, the correlation-based 
stochastic model (CBSM), and the geometry-based sto-
chastic model (GBSM). The deterministic model and the 
CBSM perform less satisfactorily in complexity and ac-
curacy, respectively. The GBSM is widely used to pro-
vide more flexible and accurate channel modeling. It has 
already been used to describe new channel character-
istics of (ultra-)massive MIMO channels. For example, 
the near-field spherical wavefront and spatial nonsta-
tionarity have been modeled by deriving the MPC travel 
distance with angle of arrival/angle of departure (AoA/
AoD) and visible region/cluster birth–death process, 
respectively [5]. Likewise, with the increase of antenna 
elements, the complexity of GBSM becomes not afford-
able. Benefiting from the nonlinear big data processing 
advantages, the latter AI-based predictive methods can 
not only be used to generalize channel characteristic 
parameters but also to predict channel characteristics 
at unknown frequency bands and future times. The used 
algorithms include multilayer perceptron neural net-
work (NN), convolutional NN (CNN), recurrent NN, long 
short-term memory, random forest, etc. However, the 
accuracy of AI-based predictive methods is still worth 
further investigation.

Channel Characterization and  
Modeling in the Beam Domain
As shown in Figure 2, the beam domain channel is 
formed by dividing the whole space into several virtual 
sections according to the three-dimensional (3D) angles. 
The corresponding cluster is virtual, which contributes 
to the transmission of signals from one given direction to 
another. The beam domain channel can also be trans-
formed from the traditional spatial domain by using two 
unitary DFT matrices.

There is some research that performs AoA estimation 
in the beam domain. The proposed algorithms mainly 
include beam domain MUSIC, ESPRIT, unitary ESPRIT, 
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SAGE algorithm, etc. They formulate the beam domain 
signal model by multiplying the DFT matrices to that in 
the spatial domain. Especially in massive MIMO chan-
nels, the necessary high-dimensional matrix opera-
tions can be alleviated to magnitudes of beam number, 
rather than antenna number. Therefore, the complex-
ity of the channel parameter estimation can be great-
ly reduced. It can further reduce the computational 
complexity by considering the limited angular spread 
and confining the beams to interested sectors. In [7], 
a beam domain unitary ESPRIT algorithm was intro-
duced by using the DFT matrix to transform the data 
into a real-valued beam domain. It indicated the ben-
efits of beam domain channel parameter estimation: 
reduced computational complexity, less sensitivity to 
antenna array imperfection, and lower signal-to-noise 
ratio (SNR) resolution threshold. The utilization of 
beam domain parameter estimation is of more value in 
ultramassive MIMO since the antenna number is quite 
large. However, the existing literature lacks multidi-
mensional parameter estimation and needs to be ex-
tended for ultramassive MIMO channels.

For the convenience of beam domain channel mod-
eling, ultramassive MIMO channel characteristics in 
the beam domain need to be studied. To explore the 
differences of channel characteristics in the beam do-
main with those in traditional array domain, we have 
conducted ultramassive array channel measurements 
and data analysis. The Rx with 128 elements in uni-
form linear array (ULA) is elevated to the outside wall 
of a building with 20 m height, and the Tx equipped 
with eight antennas is positioned on a truck with 1.5 m  
height. The carrier frequency is 5.3 GHz, and the band-
width is 160 MHz. As shown in Figure 3, by employing a 
sliding window with size 20 and step 1, the virtual beam 
powers at different subarrays are illustrated in a con-
tour map. It can be seen that the dominant MPCs fall 
within beams 12–18. The powers of these beams are not 
shifted regularly to other adjacent beams. Therefore, 
near-field spherical wavefront is not significant in the 
beam domain. However, other new beam domain chan-
nel characteristics need to be studied based on exten-
sive channel measurements and data processing.

The beam domain channel model (BDCM) originated 
from the virtual channel representation (VCR), which 
was proposed in 2000 by Sayeed [8]. BDCM character-
izes MIMO channels by partitioning the propagation 
channels into virtual beam spaces. Recently, this model 
has been developed for massive MIMO channels. In this 
work, we unify the definition of BDCM and VCR as BDCM. 
A usual way to establish BDCM of massive MIMO channel 
is to first set up a GBSM and then transform it into the 
beam domain by using two unitary matrices. However, 
when considering spherical wavefront or spatial non-
stationarity, it is not easy to derive the corresponding 

unitary matrices. Another way is to sum MPC contribu-
tions into certain beams and to analyze beam domain 
signal propagation mechanisms, namely, to establish 
the BDCM directively based on beam domain channel 
characteristics. Preliminary work on this method can be 
found in the literature, although new ultramassive MIMO 
channel characteristics have not been considered. In 
Figure 4, the channel capacities of the Kronecker-based 
stochastic model (KBSM), Weichselberger model, and 
BDCM are compared with that of the channel measure-
ment data. Three Rx array sizes are employed, i.e., 8, 32, 
and 64. Note that the BDCM is transformed from a 3D 
massive MIMO GBSM through Fourier matrices. It can 
be seen that the BDCM performs better than the Weich-
selberger model and KBSM, especially when the Rx ar-
ray size increases. This is because with the increased 
antenna number, the virtual beams of the BDCM become 
very narrow, and the BDCM performs approximately 
with the GBSM. It needs to be noted that here we have 
not taken the new ultramassive MIMO characteristics 
into consideration, which can further improve the BDCM 
performance.
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Figure 2  Wireless channel in the beam domain. 
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Ultramassive MIMO PHY Technologies
In Figure 5, we illustrate the working flowchart of the 
ultramassive MIMO system. After careful signal design, 
signals are first modulated and precoded according to 
the estimated CSI. With the inserted cyclic prefix, the sig-
nals are then transmitted into the wireless channel and 
received by antenna elements. Then, the cyclic prefix is 
removed, and equalization can be performed before 
demodulation and reception. As techniques related to 
wireless signals and channels can be performed in both 
spatial and beam domains, in the following, we will focus 
on giving a review of channel estimation, spatial multi-
plexing, and precoding techniques.

Channel Estimation

Channel Estimation in the Spatial Domain
Perfect CSI is crucial for the BS to steer beams to desired 
directions. With perfect CSI estimation, the transmission 
power efficiency can be proportional to the BS antenna 
number, and vice versa for the downlink. To obtain the 
CSI under time division duplex, the BS needs to send 
pilot signals to the Rx, and the Rx performs channel esti-
mation and sends feedback. The uncorrelated interfer-
ence and pilot contamination are main factors that can 
impact CSI estimation performance. Accurate channel 
acquisition relies on efficient channel estimation algo-
rithms. There are blind estimation and semiblind estima-
tion. The former requires the signal covariance matrix 
rather than the dedicated pilot signal. The minimum 

mean square error (MMSE) algorithm can be used to 
provide power efficiency that is proportional to the 
square root of the BS antenna number. Channel estima-
tion can also be operated based on the estimated AoA. 
This method avoids pilot contamination and thus 
improves spectrum efficiency. However, this method 
needs extra array calibration and AoA estimation. Con-
sidering that the acquisition of instantaneous CSI is a 
huge task, statistical CSI can be considered instead when 
the second-order statistics of CSI vary slowly.

However, the utilization of excess antennas at BSs of 
ultramassive MIMO communications brings overwhelm-
ing pilot overhead and computational complexity, even 
for statistical CSI [9]. The high-dimensional signals 
and parameters to be estimated hinder the boosting 
of transmission efficiency. Researchers also resort to 
AI algorithms to provide accurate estimation with lim-
ited samples. Specifically, in fast-moving environments, 
e.g., vehicle-to-vehicle, high-speed train, and unmanned 
aerial vehicle, wireless channels change frequently, 
and coherence times are very small. To provide accu-
rate CSI for the BS, frequent channel estimation needs 
to be performed. However, the pilot overhead is over-
whelming, and the complexity is magnified, especially 
with the increased antenna number in the ultramassive 
MIMO channel. To tackle this problem, the sparsity of 
the ultramassive MIMO channel and the lower variant 
nature of AoA/AoD compared with path gains can be 
utilized to estimate the time-varying channel. There are 
also compressive sensing and machine learning-based 

algorithms that can be used for 
time-varying ultramassive chan-
nel estimation, e.g., message pass-
ing and Gaussian-mixture Bayesian 
learning. Channel estimation un-
der frequency division duplex also 
needs to be investigated.

Channel Estimation in the Beam 
Domain
Utilizing ultramassive MIMO is chal-
lenging in terms of the unaffordable 
hardware complexity and energy 
consumption. There are many 
works that employ the lens array to 
transform the conventional antenna 
domain channel into the beam 
domain. Thus, the number of RF 
chains can be reduced. Resorting to 
the sparsity of the ultramassive 
MIMO channel, especially dominant 
in mmWave and THz bands, it was 
introduced in [10] that the sparsity 
of virtual beams can be used to 
detect pilot contamination attacks 
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and improve channel estimation results. The beam 
domain channel estimation can also alleviate the con-
straints on RF chains.

However, considering the large lens antenna array 
and reduced RF chains, channel estimation confronts 
extreme challenges. The compressive sensing method 
has been used to estimate the channel by utilizing the 
channel sparsity in the beam domain. For example, or-
thogonal matching pursuit and compressive sampling 
matching pursuit algorithms have been used in digital 
beamforming, hybrid beamforming, etc. In [11], a sup-
port beam detection-based beam domain channel esti-
mation scheme was proposed. It considered the sparse 
virtual beam channels individually. Through the sup-
port beam detection, different pilot overheads can be 
assigned for different virtual beam channels. There-
fore, superior performance can be obtained especially 
in low-SNR conditions. To utilize the sparsity and MPC 
clustering natures of ultramassive MIMO channels, 
algorithms for image reconstruction have also been 
introduced. Further, there are also AI-based beam 
domain channel estimation methods for the massive 
MIMO channel to provide better accuracy. For example, 
there are the approximate message passing (AMP)-
based method, Gaussian mixture learned AMP method, 
and denoising CNN.

Multiplexing

Multiplexing in the Spatial Domain
In MIMO systems, channel capacity and spectrum effi-
ciency can be ensured by the spatial multiplexing tech-
nique [12]. By grouping the outgoing signal into 
multiple streams, multiplexing gain can be obtained by 
transmitting multiple data streams over paralleled 

subchannels. At the Rx side, the antenna number needs 
to be no less than the multiple data stream number; 
thus, signals can be correctly decoded, and channel 
capacity can be improved. The high-rate spatial multi-
plexing is also beneficial for the following spatial mod-
ulation and beamforming.

In ultramassive MIMO systems, unprecedented spa-
tial multiplexing capabilities are expected considering 
the high spatial resolution and favorable propagation 
conditions. However, the numbers of RF chains at Tx 
and Rx are usually limited due to hardware complexity. 
Then, the multiplexing gain is restricted by the smaller 
number of RF chains. In addition, spatial multiplexing re-
lies on the independence among array elements or sub-
channels; it handles uncontrolled MPC signals. Whereas 
with limited scattering, the ultramassive MIMO channels 
are highly correlated, and MPC channel matrices are low 
rank. To boost the multiplexing gain, new mechanisms 
that are tailored for ultramassive MIMO channels need 
to be considered.

Multiplexing in the Beam Domain
Beam domain multiplexing can leverage the benefits of 
beamforming and multiplexing, thus obtaining improved 
array gain and multiplexing gain. In [12], it was indicated 
that beam domain signal processing, especially the 
beam domain multiplexing, will play a vital role in future 
wireless communication systems. It was said that beam 
domain multiplexing can be used to improve channel 
capacity and provide better coverage for cell-edge users. 
The authors proposed a beam domain multiplexing tech-
nique and compared that with the spatial domain multi-
plexing in detail. It was shown that beam domain 
multiplexing relies on the independence among multiple 
virtual beams and the correlation of the single beam. 
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Benefiting from the beamforming, it handles multiple 
dedicated directional signals rather than uncontrolled 
multipath signals.

In ultramassive MIMO system, the utilization of beam 
domain multiplexing has not been extensively studied. 
Taking the new channel characteristics of ultramassive 
MIMO channel into consideration, it needs to be noted 
that the interference-rejecting and dynamic beamform-
ing techniques are required.

Precoding/Beamforming
Traditional precoding/beamforming techniques rely on 
the accurate acquisition of CSI. With known CSI, precod-
ing is operated at the Tx side to adjust data streams for 
better adaption to the channel. It can be used to focus 
radiation energy into target direction, thus to improve 
energy efficiency and decrease multiuser interference. 
Before transmission, precoding can be performed by 
postmultiplying the channel matrix with a precoding 
matrix. The precoding matrix varies with different meth-
ods. There are linearly zero forcing (ZF), block diago-
nalization, and matched filter (MF) methods, and 
nonlinear dirty paper coding, vector perturbation, and 
lattice-aided methods [13]. ZF is the simplest method, 
and when the BS antenna number grows, it performs as 
well as the interference-free system. However, the com-
putational complexity to get the matrix pseudoinverse is 
high. MF can achieve high signal to interference plus 
noise ratio when BS antenna number scales up.

As analog beamforming utilizes analog phase shift-
ers to acquire beamforming gain, it is not suitable for 
multiple data stream transmission. By using digital 
processing chain for each antenna element, full digi-
tal beamforming can deliver high energy efficiency, 
channel capacity, and relaxed hardware requirements. 
However, with mmWave and THz bands, the wide band-
width requirement on digital-to-analog and analog-to-
digital converters hinders the usage of this method. 
Hybrid beamforming, namely, analog–digital beam-
forming, has been proposed to provide low implemen-
tation complexity and reduced power consumption. 
It also eliminates CSI estimation. It consists of analog 
multibeam selection and blind estimation algorithm. It 
was indicated in [3] that with the utilization of beam 
domain MIMO technologies with hybrid precoding, 
near-optimal performance with dramatically reduced 
complexity can be achieved.

In ultramassive MIMO channels, the sparsity property 
is expected to approximate full digital beamforming per-
formance. There are also AoA-based precoding/beamform-
ing techniques that do not need CSI. However, the AoA 
estimation needs to be performed for data transmission. 
To settle the interference problem of closed users in sig-
nal separation, constant modulus algorithm, independent 
component analysis, etc., can be used. Distributed MIMO 

can efficiently exploit the diversity and offer excellent cov-
erage. Cell-free ultramassive MIMO, facilitated with a large 
amount of distributive access points to serve small users, 
inherits advantages from both distributed MIMO and ul-
tramassive MIMO. Considering the reduced computational 
complexity and the distributed implementation merit, con-
jugate beamforming is very useful for signal processing 
at distributed access points. It is an important candidate 
for a cell-free ultramassive MIMO network. However, the 
increased self-interference in forward-link transmission 
needs to be solved by either assigning pilots for each user 
or introducing pilot recovery technique.

Comparison of PHY Technologies  
in Spatial and Beam Domains
Resorting to the different channel characteristics in spa-
tial and beam domains, principles of transmission tech-
nologies show some differences. The privileges of 
ultramassive MIMO technologies in the beam domain 
over the spatial domain are briefly illustrated in Table 1. 
The overall concerns of spatial domain data processing 
are the complexity and computing burden brought by the 
increased antenna array number. Besides providing 
reduced complexity, the execution of beam domain pro-
cessing can also provide concise expression and alleviate 
hardware constrains, for example, in channel estimation.

Future Research Challenges

Ultramassive Antenna Array Configurations
An ultramassive linear array could stretch tens or hun-
dreds of meters long at the sub-6-GHz frequency band. In 
practical implementation, this poses serious requirements 
on related infrastructures such as the antenna derrick. 
Besides, ULA can only offer azimuthal spatial resolution, 
while being unable to provide elevational coverage. To 
relax such pressures, more compact 3D array configura-
tions can be used, such as planar array, circular array, and 
cylindrical array. However, the mutual coupling effect that 
may have an impact on beamforming needs to be mitigat-
ed. The utilization of mmWave and THz can also facilitate 
ultramassive antennas into a more compact size [14]. 
Besides the aforementioned centralized antenna array, 
there are also distributed antenna arrays. The antenna ele-
ments can be separately placed to improve signal cover-
age. As a special case of distributed array, block array is 
introduced to provide more flexibility for configuration. To 
avoid the intercell interference, cell-free massive MIMO 
was proposed. In a cell-free network, many access points 
controlled by a central processing unit are distributed 
coherently to serve many users with the same time and 
frequency resources [15]. It is foreseen as a promising net-
work to clarify the boundary effect of conventional cellu-
lar networks and to provide huge energy and spectrum 
efficiencies with a simple signal process technique.
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Holographic Massive MIMO and  
Reconfigurable Intelligent Surface
Considering that the channel capacity can grow monotoni-
cally with the increase of antenna number, holographic 
massive MIMO has been proposed to approach the upper 
bound limits of massive MIMO system. A reconfigurable 
intelligent surface (RIS) is a metasurface that can flexibly 
steer the signal transmission direction and improve signal 
coverage [15]. In recent years, there have been more 
works using massive array in RIS. It has been proposed 
that by facilitating enough antennas at the RIS, a continu-
ous surface can be formed to be holographic RIS. Although 
this is an ideal case, the utilization of massive array is des-
tined. With the intervention of RIS in ultramassive MIMO 
channel, related PHY technologies need to be changed cor-
respondingly, including channel modeling, channel estima-
tion, etc. In general, holographic massive MIMO and RIS 
are exciting and challenging research topics.

Beam Division in Temporal and Frequency Domains
It has been pointed out in [8] that, except dividing virtual 
beams in spatial domain, we can also divide beams in both 
temporal and frequency domains. Therefore, by using the 
joint vir tual  beams in the spatial - temporal - 
frequency domain, the sparsity property is more dominant 
to further reduce computational complexity. This is also 
beneficial for the ultramassive MIMO channel in high-mobil-
ity mmWave/THz band. The Doppler effect and high delay 
resolution can be well handled. The accuracy and com-
plexity of the channel estimation can also be improved.

Beam Domain Channel Characterization  
and Modeling
Through reviewing existing literature, we find a lack of 
in-depth work regarding beam domain channel parame-
ter estimation, channel characteristics analysis, and 
channel modeling of the ultramassive MIMO channel. As 
they are fundamentals for the development of spatial-
temporal transmission and random access technologies, 

it is worth digging into 1) the definition of effective beam 
domain parameters and parameter estimation methods 
that consider ultramassive MIMO channel characteris-
tics, 2) the manifestation of spatial domain channel char-
acteristics in the beam domain and the exploration of 
other new beam domain channel characteristics with the 
combination of mmWave/THz in time-variant scenarios, 
and 3) the BDCMs that can accurately describe the beam 
domain channel characteristics with reduced complexity 
relative to GBSMs.

Large-Dimensional Computing Theory
A significant hindrance of the massive MIMO system is the 
overwhelming computational burden. With the increase 
of array elements, mathematical calculations in signal 
design, channel estimation, detection, resource alloca-
tion, etc., pose huge challenges to the ultramassive MIMO 
system. A flexible and efficient computational framework 
for large-dimensional computing theory is expected to 
support the development of the ultramassive MIMO sys-
tem. The striving directions may be how to utilize the 
inherent features of massive data and the advantages 
of AI algorithms.

Conclusions
In this work, recent advances of 6G ultramassive MIMO 
techniques in both spatial and beam domains have been 
reviewed. Therein, ultramassive MIMO channel parameter 
estimation algorithms, channel characteristics, and chan-
nel models have been introduced as the foundations of 
further PHY technology design and evaluation. Channel 
estimation, spatial multiplexing, and precoding techniques 
have been surveyed with emphases on the transitions of 
data processing in the spatial domain into the beam 
domain, thus to provide better tradeoff between accuracy 
and complexity. However, more efforts need to be devoted 
to including new ultramassive MIMO characteristics into 
consideration and clarifying the impacts of system setups 
on global performance. Therefore, advanced PHY 

Table 1 Advantages and challenges of ultramassive MIMO technologies in the beam domain.

Technology Advantage Challenge

MPC parameter estimation • � Reduced complexity 
• � Less sensitivity to array imperfection 
• � Decreased SNR resolution threshold 

• � Full exploration of channel characteristic 
• � Multi-dimensional parameter estimation 

Channel modeling • � Reduced complexity 
• � Linearly relationship with angle 
• � Concise expression for system perfor-

mance analysis

• � Consideration of new channel characteristic 
• �Tradeoff between accuracy and complexity

Channel estimation • � Reduced pilot overhead 
• � Decreased computational complexity 
• � Alleviated RF chain constraints 

• � Accuracy with limited RF chains 
• � Exploration of efficient algorithm 

Spatial multiplexing • � Improved array gain 
• � Improved multiplexing gain 

• � Necessities of interference-rejecting and dynamic 
beamforming techniques 
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techniques can be proposed to reap the utmost benefits of 
ultramassive MIMO communication system.
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