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Abstract—Millimeter-wave (mmWave) communication and
massive multiple-input multiple-output (mMIMO) are widely
used in 5G and are expected to remain important for future
wireless systems. mmWave provides large bandwidth and can
deliver very high data rates. mMIMO relies on large antenna
arrays to increase array gain and to serve multiple users through
beamforming and spatial multiplexing. These advantages come
with practical limits. mmWave links are sensitive to propagation
effects such as free-space loss, atmospheric absorption, blockage,
rain, vegetation, and penetration through common materials.
mMIMO also raises hardware and energy constraints because
it needs more radio-frequency components and feasible array
and beamforming designs. This paper reviews the main mmWave
attenuation mechanisms, with focus on rain modeling and the role
of raindrop size distribution at high frequencies, and on ITU-
based vegetation loss including seasonal and tree-type effects.
It also summarizes mMIMO beamforming architectures and
antenna configurations, and outlines how mmWave and mMIMO
can be combined with other techniques to improve link reliability
in future networks.

Index Terms—5G, mmWave, mMIMO, Antenna Configura-
tion, Beamforming, Spectral Efficiency.

I. INTRODUCTION

The rapid growth of global data traffic, together with the
emergence of new services that rely on high-rate wireless
links, is placing increasing pressure on cellular networks. In
recent years, 5G has introduced a new service level by enabling
multi-gigabit data rates with low latency, which supports a
wide range of modern applications. Looking ahead, these
requirements are expected to become even more demanding,
motivating the evolution toward 6G systems that are often
envisioned to deliver terabit-per-second data rates for selected
scenarios [1]-[3].

To approach these targets, current research follows multiple
tracks. Advanced signal processing is used to better exploit
time, frequency, and spatial dimensions, while new multiple-
access strategies and network densification aim to serve more
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users and increase area capacity. Within this context, massive
multiple-input multiple-output (mMIMO) and millimeter-wave
(mmWave) communication have remained central in both
research and deployment roadmaps [1], [4]. Existing studies
often address either mmWave propagation impairments or
mMIMO antenna and beamforming designs; this paper con-
siders both aspects together, since propagation losses directly
influence the required array gain, beamforming strategy, and
deployment density.

mMIMO improves coverage and capacity by employing
many antenna elements to shape transmissions in space. Beam-
forming focuses energy toward intended directions, while
spatial multiplexing enables multiple users to be served si-
multaneously on the same time-frequency resources [5]. These
spatial gains can raise spectral efficiency and, in many cases,
improve energy efficiency because power is directed rather
than spread broadly. mmWave communication complements
this capability by providing wide contiguous bandwidth, which
supports very high data rates when deployments are dense
and link ranges are short [6]. For this reason, mmWave and
mMIMO are often considered together: mmWave contributes
bandwidth for high throughput, whereas mMIMO provides
array gain and spatial selectivity to strengthen the link budget
and manage interference.

Despite their promise, reliable large-scale deployment re-
mains challenging. At mmWave, propagation is more sensitive
to the surrounding environment than at sub-6 GHz. Free-
space loss increases at higher frequencies, and links can
degrade rapidly due to blockage by buildings, vehicles, and
even the human body. Weather conditions also become more
relevant, including attenuation caused by rain. Vegetation
introduces additional losses that can change with foliage
depth, season, and tree type. Penetration through common
building materials is also weaker at high bands, which makes
outdoor-to-indoor coverage more demanding [6], [7]. On the
implementation side, mMIMO increases hardware complexity.
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Large arrays require more radio-frequency components, and
practical beamforming architectures must balance performance
with cost and power consumption. These constraints affect
deployment feasibility, especially when compact form factors
and energy efficiency are required [2], [5]. As a result,
evaluating mmWave mMIMO solutions requires a clear view
of propagation effects, array design trade-offs, and model
limitations. The numerical curves in this survey are based
on analytical and standardized models from the literature and
are intended to illustrate comparative trends rather than new
measurement data.

The rest of the paper is organized as follows. Section II
presents mmWave, Section III introduces mMIMO, Section IV
discusses how mmWave and mMIMO relate to other technolo-
gies, and Section V concludes the paper.

II. MMWAVE

With the availability of wide spectrum resources in the
mmWave band, typically from 30 to 300 GHz, mmWave
communications have been widely considered as a key compo-
nent of 5G and beyond mobile networks for delivering multi-
gigabit services. Compared with sub-6 GHz systems, mmWave
operation enables much wider channels and therefore supports
very high data rates within the same time—frequency resources.

Another important feature of mmWave links is their reliance
on highly directional transmission. By forming narrow beams,
the transmitter can focus energy toward the intended user,
improving the link budget and reducing interference in other
directions. In addition, the small wavelength at mmWave
frequencies allows compact antenna elements, making large
antenna arrays feasible at the base station and, in some designs,
at the user equipment.

Despite these advantages, mmWave coverage is strongly
constrained by propagation conditions. Compared with sub-
6 GHz links, mmWave signals experience higher attenuation
and are more sensitive to atmospheric absorption, rain, fo-
liage, blockage, and material penetration. Therefore, practical
mmWave deployment requires a balance between bandwidth
gain, propagation loss, beamforming gain, and deployment
density [6], [8].

A. Free Space Path Loss

Free space path loss (FSPL) quantifies the attenuation of
a radio signal as it propagates in an unobstructed medium,
i.e., in the absence of blockage, reflection, or diffraction. This
loss mainly results from geometric spreading: as the wave
propagates, its energy is distributed over a larger area, so the
received power decreases with distance.

For two isotropic antennas separated by a distance d (km)
and operating at a carrier frequency f (GHz), FSPL can be
expressed as [9]

FSPL [dB] = 92.4 + 20 loglo(f [GHz]) + 201log;q (d [km}).
ey

Accordingly, FSPL grows with both distance and frequency,
so mmWave links experience larger free space loss than sub-
6 GHz links over the same range. Figure 1 shows this behavior
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for 28, 40, 50, and 60 GHz over distances from 10 m to 100 m.
For instance, at d = 50 m, the loss is about 95.15 dB at 28 GHz
and rises to approximately 100 dB at 40 GHz. The effect of
distance is also clear: at 28 GHz, FSPL increases from about
95 dB at 50 m to roughly 99.42 dB at 80 m. Thus, carrier-
frequency selection directly affects the required beamforming
gain, cell radius, and base-station density.
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Fig. 1. Free-space path loss for different mmWave carrier frequencies over
distances from 10 m to 100 m. The trend shows that higher frequencies
and longer distances require stronger beamforming gain or denser small-cell
deployment.

B. Atmospheric Attenuation

Another propagation impairment at mmWave is atmospheric
attenuation, which results from the interaction between radio
waves and gas molecules in the atmosphere. In this case, part
of the radio-wave energy is absorbed by gas molecules, adding
an extra loss along the propagation path. This loss is often
given in dB/km, so the total attenuation increases with link
distance. In the mmWave band, the main sources are oxygen
(O2) and water vapor (H2O) [9], [10].

This attenuation also depends on weather conditions such
as temperature, pressure, humidity, and altitude, and it varies
strongly with frequency because of resonance. As reported
in [11], [12], notable absorption occurs near 60 GHz and
119 GHz, with about 1.4 dB/km and 15 dB/km, respectively.
Over a shorter link, the total loss is smaller; reducing the dis-
tance from 1 km to 100 m gives about 0.14 dB at 60 GHz and
about 1.5 dB at 119 GHz. In addition, H,O exhibits resonance
around 23 GHz, 183 GHz, and 323 GHz, corresponding to
losses of about 0.18 dB/km, 28.35 dB/km, and 38.6 dB/km,
respectively [11], [12].

From a system perspective, these absorption peaks influence
both frequency selection and cell sizing. Bands near strong
resonance lines are less suitable for long-range coverage, but
they may remain useful for short-range dense deployments
where the additional loss is limited and spatial reuse can
be improved. Therefore, atmospheric attenuation should be
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evaluated together with rain, blockage, and beamforming gain
when defining mmWave link-budget margins.

C. Rain Attenuation
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Fig. 2. Comparison between 60 GHz mmWave and 3 GHz sub-6 GHz
wavelengths relative to a typical 2 mm rain droplet, illustrating why mmWave
signals are more sensitive to scattering and absorption [9].

Rain-induced attenuation is one of the main propagation
impairments affecting mmWave and sub-THz links. Unlike
lower-frequency signals, mmWave wavelengths are often com-
parable to typical raindrop diameters, which increases scatter-
ing and absorption losses [9], [10]. As illustrated in Fig. 2, the
wavelength at 60 GHz is much closer to the size of a common
rain droplet than that at 3 GHz. Therefore, precipitation can
introduce a significant additional loss, especially under high
rain rates and at higher carrier frequencies.

A widely used macroscopic link-budget model expresses the
specific rain attenuation as a power-law function of the rain
rate [9], [10]:

Again [dB/km] = kR®, )

where R is the rain rate in mm/h, while k£ and « are frequency-
and polarization-dependent coefficients. In practical coverage
studies, these coefficients are commonly obtained from ITU-R
recommendations and directly used for link-budget evaluation.

Figure 3 shows the increase in rain attenuation over the 20—
70 GHz range for different rainfall intensities. For instance, at
R = 70 mm/h, the specific attenuation increases from about
11.10 dB/km at 28 GHz to nearly 16.28 dB/km at 40 GHz,
confirming the stronger sensitivity of higher-frequency links
to precipitation. The effect of rain intensity is also evident: at
28 GHz, Again increases from about 11.10 dB/km for R =
70 mm/h to approximately 14.08 dB/km for R = 90 mm/h.
These values indicate that rain fading cannot be treated as a
negligible margin in dense mmWave deployments, particularly
for outdoor backhaul and access links operating under heavy
rainfall conditions.
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Fig. 3. Rain attenuation from 20 GHz to 70 GHz under different rainfall
intensities, showing the joint impact of carrier frequency and rain rate on the
mmWave link budget.

Although (2) is simple and effective for system-level analy-
sis, the coefficients (k, ) represent an averaged macroscopic
behavior and do not explicitly describe the physical structure
of rain. In reality, attenuation depends on the number of drops,
their diameters, and their statistical distribution, commonly
referred to as the raindrop size distribution (DSD). Conse-
quently, different DSD assumptions may lead to different
attenuation predictions for the same rain rate, especially at
sub-THz frequencies where wave—droplet interactions become
more sensitive to droplet size.

A widely used exponential DSD is given by [13], [14]

N(D) = Noe AP, 3)

where N (D) is the drop concentration per unit volume and
diameter interval, Ny is the intercept parameter in m~3mm™—1,
D is the raindrop diameter in mm, and A is the slope parameter
in mm~!. Within the Joss—Waldvogel framework, (3) can be
parameterized for different rain regimes as follows:

o Joss—Waldvogel moderate rain: Ny = 10,000 and A =

3.8R702,

o Joss—Drizzle light rain: Ny = 25,000 and A =
5.2R~03,

o Joss—-Thunderstorm heavy rain: Ny = 5,000 and A =
32RO

Beyond these classes, the Marshall-Palmer model [15] is a
classical exponential DSD often used for stratiform rain:

N(D) = Noe P, Ny = 8000, A =4.1R%21 (4

whereas gamma-based DSD models introduce an additional
shape parameter and provide more flexibility [13], [14]:

N(D) = NoDFe AP, )

where 4 controls the spectral shape. In measurement-driven
studies, the parameters (Np,u,A) are generally estimated
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from disdrometer measurements to better reflect local climatic
conditions.

Figure 4 compares the specific attenuation at 300 GHz
for different rain models, including ITU-R, Marshall-Palmer
(M-P), Joss—Waldvogel (J-W), Joss—Drizzle (J-D), and Joss—
Thunderstorm (J-T). For all models, Agr.;, increases mono-
tonically with R, confirming that stronger precipitation pro-
duces higher attenuation at sub-THz frequencies. However, the
predicted attenuation differs considerably from one model to
another. For example, at R = 10 mm/h, gy is approximately
1.7 dB/km for J-D, 1.3 dB/km for M-P, 1.1 dB/km for J-
W, 0.6 dB/km for J-T, and about 0.2 dB/km for ITU-R. At
R = 50 mm/h, the attenuation reaches about 4.5 dB/km for
J-D, 3.6 dB/km for M-P, 2.8 dB/km for J-W, 1.8 dB/km for
J-T, and nearly 0.7 dB/km for ITU-R.

This comparison provides an important modeling insight.
ITU-R-type models are attractive for broad system-level plan-
ning because they are simple, standardized, and directly appli-
cable in link-budget calculations. However, they may hide the
effect of rain microphysics. In contrast, DSD-based models
provide a more detailed physical interpretation by accounting
for drop concentration and diameter distribution, but their
accuracy depends on the selected rain regime and local climate
data. Thus, ITU-R models are suitable for general coverage
evaluation, whereas DSD-based models are more appropriate
when site-specific or sub-THz propagation behavior must be
analyzed in detail.

Specific Attenuation vs Rainfall Rate at 300 GHz
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Fig. 4. Specific attenuation versus rainfall rate at 300 GHz for different DSD
models, highlighting the sensitivity of sub-THz attenuation prediction to rain
microphysics [14].

D. Foliage Attenuation

Foliage attenuation denotes the additional signal loss that
occurs when electromagnetic waves propagate through veg-
etation. Trees, leaves, and branches can absorb part of the
transmitted energy and also scatter and reflect the wave, which
may cause a noticeable reduction in received power [16].
As indicated in Fig. 5, mmWave links generally experience
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Fig. 5. Illustration of foliage attenuation for mmWave and sub-6 GHz links.
The thinner mmWave path indicates the stronger signal reduction caused by
vegetation blockage and scattering.

larger attenuation than sub-6 GHz links. In practice, the loss
depends on several factors, including the vegetation type,
foliage density, and carrier frequency.
A general empirical foliage-loss model reported in [17] is
given by
“YFoliage [dB] = afﬂD; (9 + E)7 (6)

where f (MHz) denotes the carrier frequency, Dy (m) is the
foliage depth, and «, 3, ¢, 8, and E are regression coefficients
determined from measurements. As an example, [9], [10]
provides the following simplified expression for vegetation
depths below 400 m:

Leoliage [dB] = 0.2f°*D}° Dy < 400 m. (7)

This model is reported to be valid from about 200 MHz to
above 95 GHz [9]. Figure 6 shows that foliage loss increases
with both frequency and foliage depth. For D; = 15 m, the
loss is about 17.20 dB at 28 GHz and about 19.09 dB at
40 GHz. At 28 GHz, increasing the depth from Dy = 5 m
to Dy = 15 m increases the loss from about 11.34 dB to
about 21.93 dB. These values indicate that foliage should not
be treated as a fixed attenuation margin, especially when the
link crosses dense vegetation.

1) ITU-R foliage attenuation model (seasonality and vege-
tation class): Alongside the generic empirical expression in
(6) and the simplified formulation in (7), the ITU-R recom-
mendation reports a measurement-based vegetation-loss model
that captures both seasonal variability and vegetation class
(tree type) [17]. It is expressed as

Lyeg [dB] = AfPlog,o(Dy) (0 + E)Y —4, ®)

where f denotes the carrier frequency in MHz, Dy is the
vegetation depth in meters, and 6 is the elevation angle in
degrees. Seasonality is introduced through the parameter Kj,
in the exponent B:

f (0.0013118—-0.026236 K},)
1000)

B = (0.30281 — 0.003624 K},) (
(©))
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Fig. 6. Foliage attenuation versus frequency for different foliage depths. The
curves show that vegetation loss increases with both carrier frequency and
propagation depth through trees.

The seasonal factor is defined as K, = |Month — 6.5| for the
northern hemisphere and K, = 6 — |[Month — 6.5| for the
southern hemisphere, where Month € {1,...,12} denotes
the month of the year. The coefficients A, E, and G are
empirical parameters provided by the ITU-R recommendation
and depend on the vegetation category; Table I lists example
values for two tree types, illustrating that different classes yield
different attenuation levels even for identical (f, Dy, ).

The ITU-R foliage model is useful because it introduces
seasonality and vegetation class into the attenuation estimate.
However, since its coefficients are empirical, the predicted loss
should be interpreted as a practical approximation rather than
an exact site-specific value.

TABLE I
EXAMPLE ITU-R COEFFICIENT VALUES FOR TWO VEGETATION CLASSES
[17].

Tree type A E G

Japan cedar 1.87 0.01 -0.12

1.50 0.01 -0.12

Kenya juniperus

As shown in Fig. 7, the ITU-R vegetation loss Lz in-
creases with the foliage depth Dy for all considered months,
highlighting the seasonal dependence introduced through the
month-based factor Kj. The growth is steep for small depths
and becomes more gradual for larger Dy, which is consis-
tent with the logarithmic dependence on Dy in the ITU-
R expression. Seasonality has a pronounced impact: for the
same Dy, June exhibits the highest loss, followed by April,
while February produces the lowest attenuation. For instance,
at Dy = 10 m, the loss is approximately 4.8 dB (February),
9.8 dB (April), and 19.5 dB (June). Increasing the depth to
Dy = 20 m raises the loss to about 7.8 dB, 14.2 dB, and
27.2 dB, respectively, and at Dy = 30 m the loss reaches
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roughly 9.3 dB (February), 16.6 dB (April), and 31.1 dB
(June). These results indicate that neglecting seasonality may
lead to a significant underestimation or overestimation of
foliage attenuation, particularly for dense vegetation.

Figure 8 illustrates the combined effect of frequency and
vegetation class on L., for two foliage depths (D; = 15 m
and Dy = 20 m). For all cases, attenuation increases with
frequency over the 20-100 GHz range, reflecting the fre-
quency dependence in the ITU-R model. Moreover, Japan
cedar consistently exhibits higher loss than Kenya juniper, in
agreement with the different ITU-R coefficients assigned to
each vegetation class; increasing D further shifts the curves
upward. For example, at 20 GHz, the losses are approximately
20.8 dB for Japan cedar and 16.0 dB for Kenya juniper
at Dy = 15 m. At 60 GHz, they reach around 25.5 dB
and 19.6 dB, respectively. Overall, these results confirm that
vegetation class and foliage depth substantially affect the link
budget at mmWave and beyond.

35
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Vegetation Loss (dB)
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Fig. 7. Seasonal impact on ITU-R vegetation attenuation. The variation
between months shows that foliage loss can change significantly during the
year for the same vegetation depth.

E. Material Penetration Loss

Material penetration loss is a major limitation for mmWave
links, especially for outdoor-to-indoor coverage. Because
mmWave signals have shorter wavelengths and interact more
strongly with dielectric loss, surface roughness, and material
composition, penetration losses can vary widely across build-
ing materials and can also depend on antenna polarization
(e.g., V-V, H-H, or cross-polar V-H). Table II compiles rep-
resentative excess penetration losses across several frequency
bands. The results show that penetration is highly material
dependent. For instance, clear glass exhibits about 20 dB loss
at 2.5 GHz and 11.3 dB at 60 GHz, while mesh glass reaches
39.1 dB at 60 GHz. Opaque materials can be even more severe;
a brick wall is reported around 19.5 dB for V=V polarization
and 17.7 dB for H-H polarization at 40 GHz, whereas drywall
is much lower at 28 GHz (0.17 dB, WWH) but increases to
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Fig. 8. Tree-type impact on ITU-R vegetation attenuation. Different vegetation
classes produce different losses even under the same frequency and foliage-
depth conditions.

2.4 dB at 60 GHz. Polarization effects can become important
at higher frequencies. At 73 GHz, the penetration loss of clear
glass rises from 7.1 dB for V-V polarization to 18.3 dB for
V-H. A similar trend appears for a glass door, where the loss
increases from 5.1 dB to 23.4 dB when switching from V-V to
V-H. Therefore, outdoor-to-indoor mmWave coverage cannot
be planned using a single penetration-loss margin. Depending
on the material, polarization, and frequency band, reliable
indoor service may require indoor small cells, repeaters, RIS-
assisted coverage, multi-connectivity, or fallback links at lower
frequencies.

F. Other challenges

Besides gaseous absorption, rain, and vegetation loss,
mmWave links face other effects that limit coverage and
may destabilize the connection. Signal blockage is common
because walls, furniture, vehicles, and even the user body can
obstruct the path and cause an abrupt drop in received power.
This issue is critical for handheld devices and body-centric
scenarios, where absorption and scattering can be strong at
these frequencies. Reflections from nearby objects can create
multipath components, while weak diffraction makes non-
line-of-sight links less dependable. With mobility, Doppler
shifts and fast channel variations make beam tracking more
difficult and may trigger short outages. From a deployment
perspective, dense urban scenarios require fast beam recovery
and multi-connectivity, whereas rural or wide-area scenarios
are mainly limited by path loss and coverage range. These
factors motivate efficient beam management, link adaptation,
and fallback connectivity to maintain mmWave performance

(61, [9].
I1I. MMIMO

mmWave links often face high path loss and strong at-
tenuation, which can limit coverage and reduce reliability.
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Fig. 9. Beamforming structures for mMIMO systems: (a) fully digital,
(b) analog, and (c) hybrid beamforming. The figure highlights the trade-off
between flexibility, RF-chain complexity, power consumption, and hardware
cost.

mMIMO is a common way to offset these losses. By using
large antenna arrays, it provides higher beamforming gain and
supports spatial multiplexing, improving the received signal
level and overall link performance. However, these gains
depend on practical constraints such as the number of RF
chains, phase shifters, power consumption, and beamforming
complexity. Therefore, mMIMO systems can adopt different
antenna geometries and beamforming structures to balance
performance and implementation feasibility.

A. Beamforming Structure

The type of beamforming determines how Radio Frequency
(RF) chains are connected to the antenna array. There are three
main beamforming architectures, as depicted in Fig. 9, each
with its own characteristics [9], [21].

« Fully Digital Beamforming: Provides the highest flexi-
bility and spectral efficiency by controlling each antenna
element independently. However, it requires a large num-
ber of RF chains, leading to high power consumption and
cost.

o Fully Analog Beamforming: Uses a single RF chain
with phase shifters to steer beams, making it energy-
efficient and cost-effective, but it lacks multi-user support
and flexibility.
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TABLE II
REPRESENTATIVE PENETRATION LOSSES OF COMMON MATERIALS AT DIFFERENT FREQUENCY BANDS. THE VALUES SHOW THAT OUTDOOR-TO-INDOOR
MMWAVE COVERAGE IS STRONGLY AFFECTED BY MATERIAL TYPE, FREQUENCY, AND POLARIZATION [9], [18]-[20].

Vol. 10 -

No. 1 - April 2026

Material 25 GHz 28 GHz 40 GHz 45 GHz 60 GHz 73 GHz

MTC WWH | V-V H-H | V-V H-H V-V V-H
Clear Glass 20 3 2.76 | 2.5/04 17.75 - - 11.3 7.1 18.3
Tinted Glass - - 18.84 - - - - - - -
Mesh Glass 24.1 — - — — - - 39.1 — -
Brick - — 0.15 — — - - — — -
Drywall 2.1 - 0.17 - - - - 24 0.8 0.8
Whiteboard 0.3 - - - - - - 5.0 35 27
Plasterboard - — - 1.93 1.8 - - — — -
Closet Door - - — - - — - - 46 23
Steel Door - - - - - - - - 99 9.2
Glass Door - - - - - - - - 5.1 234
Brick Wall - - - 19.5 17.7 - - - - -
Chipwood - - - 537 493 | - - - - -
Wood - - - 5 371 | 419 242 - - -
Concrete - — - 17.8 174 | 4.64 4.38 — — -
Mortar - — - 159 159 - - — — -
o Hybrid Beamforming: Strikes a balance between digital TABLE III

and analog beamforming by using fewer RF chains than
antennas. It achieves moderate power efficiency, reduced
hardware complexity, and improved spectral efficiency.

Table III provides a summarized comparison of each struc-
ture across different metrics. This comparison shows that
fully digital beamforming is attractive for maximum flexibility,
analog beamforming is suitable for low-cost and low-power
implementations, while hybrid beamforming offers a practical
compromise for mmWave mMIMO deployments.

B. Antenna geometry and Array Factor Expressions

In mmWave mMIMO systems, the antenna geometry plays
a crucial role in determining beamforming performance, cov-
erage, spatial diversity, and spectral efficiency. As illustrated
in Fig. 10, the three commonly used configurations are ULA,
UCA, and UPA [5], [9], [21].

1) Uniform Linear Array (ULA):

o Antennas are placed in a straight line with equal spacing.
o Provides high directional gain along a single plane,

making it effective for beam steering in one dimension.
o Simple to design and analyze but has limited spatial

coverage.
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COMPARISON OF BEAMFORMING ARCHITECTURES FOR MMIMO,
SHOWING THE MAIN TRADE-OFFS BETWEEN SPECTRAL EFFICIENCY,
RF-CHAIN REQUIREMENT, COST, AND HARDWARE COMPLEXITY.

Criterion Fully Digital |Fully Analog|Hybrid Beamforming
Number of RF | Nantennas (high) 1 (low) NRr < Nantennas
Chains

Power Consump- High Low Moderate
tion

Cost Very High Low Moderate
Beamforming High Low Moderate
Flexibility

Multi-User Yes No Yes (limited)
MIMO Support

Spectral Highest Lowest Moderate to High
Efficiency

Hardware Com-| Very High Low Moderate
plexity

Latency Higher Lower Moderate

The array factor (AF) for ULA with IV elements spaced by

d is expressed as

AFyra = [17 el Kdsin(@)

Ml

6j(Nfl)szdsin(qS)

(10)

where ) is the wavelength, d is the inter-element spacing, and
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¢ is the angle of arrival.
2) Uniform Circular Array (UCA):
o Antennas are arranged in a circular shape with equal
spacing.
o Provides 360-degree coverage, making it useful for ap-
plications requiring omnidirectional beamforming.
e Supports better angular resolution but is more complex
to implement than ULA.
The AF for UCA with N, elements placed on a circle of
radius R is:

AFyca = ...7ej2T"RSin(9)COS(¢_¢nc)7_._:|T (11)
where 9
s
¢nc = 7(nc - 1) (12)
N,
under the constraint:
1<n.<N.,. (13)

3) Uniform Planar Array (UPA):

o Antennas are arranged in a 2D grid.

e Provides beamforming in both azimuth and elevation,
making it suitable for 3D beamforming.

e More suitable for dense urban mmWave networks but
requires higher computational complexity than ULA and
UCA.

The array factor for a UPA with N, x N, elements arranged

in a rectangular grid is:

, T
AFups = [1,... edmaztnyy) } (14)
where
2m .
x = wa sin () cos(¢) (15)
2
y= %dy sin(6) sin(¢) (16)

given that # and y indicate the horizontal and vertical compo-
nents of the antenna array.

In the UPA antenna array, shown in Fig. 10, relying on
N = NN, antennas, the antenna element indices m, and n,
at the x-axis and y-axis are bounded as:

1<my<N,—1, 1<n,<N,—1 (17)

where N, and N, are the number of columns and rows of the
UPA. d, and d, are the element spacings along the x and y
axes, respectively, and (6, ¢) represents the direction of arrival.
Table IV summarizes the main metrics of these three antenna
designs.

C. Impact of antenna spacing and number of elements on
beam patterns

In mMIMO, the spatial selectivity of beamforming is mainly
governed by two array-design parameters: the number of
antenna elements N and the inter-element spacing d. These
parameters determine the effective array aperture, which in
turn controls the main-lobe width, beamforming gain, and the
sidelobe/grating-lobe characteristics. Fig. 10 shows common
array geometries, while Figs. 11 and 12 illustrate the effects
of N and d using normalized polar beam patterns.
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TABLE IV
COMPARISON OF ULA, UCA, AND UPA CONFIGURATIONS. THE CHOICE
OF GEOMETRY DEPENDS ON THE REQUIRED COVERAGE, BEAM STEERING
DIMENSION, AND IMPLEMENTATION COMPLEXITY.

Configuration|Structure |Beamforming Capability | Complexity
ULA Linear 1D Low
UCA Circular 360-degree Moderate
UPA Rectangular 3D High

or Square

1) Effect of the number of antenna elements (N ): Fig. 11
compares beam patterns for N = {4,8,16}. Increasing N
provides higher array gain and makes the main beam narrower,
which improves directivity and angular selectivity. This is
useful at mmWave and sub-THz bands, where the link budget
is often limited by high path loss and where narrow beams
help reduce unwanted radiation toward other users. However,
narrower beams also require more accurate beam alignment
and tracking.

2) Effect of antenna spacing (d): Fig. 12 shows the impact
of antenna spacing for d € {\/8,A/4,A/2,\}. With small
spacing such as \/8, the effective aperture is limited, leading
to a wider main beam and lower angular resolution. As the
spacing increases toward \/2, the aperture becomes larger and
the main beam tightens. When the spacing exceeds about \/2,
for example d = )\, grating lobes can appear as additional
strong beams. This may create angle ambiguity and increase
interference, which is why d =~ A\/2 is commonly adopted in
practical array designs.

IV. INTEGRATION OF MMIMO AND MMWAVE WITH
OTHER TECHNOLOGIES

mMIMO and mmWave are increasingly used together with
other network technologies to improve capacity, coverage, and
service reliability. In NOMA systems, large antenna arrays
provide additional spatial degrees of freedom and higher beam-
forming gain, which helps multiple users share the same time
and frequency resources while keeping inter-user interference
under control [22]-[24]. At the same time, mmWave operation
offers abundant bandwidth that supports high-throughput links,
making it attractive for dense deployments and high-data-rate
services [24]. The same bandwidth advantage also motivates
the use of mmWave for wireless backhauling, where high-
capacity connections are needed between access points or base
stations and the core network [25], [26].

Another important direction is cell-free massive MIMO,
where many distributed access points cooperate to serve users
over a wide area without relying on strict cell boundaries.
By coordinating transmission and reception across distributed
antennas, cell-free systems can reduce interference and im-
prove service uniformity, particularly for users in unfavorable
locations [27]. Beamspace processing is also closely related
to high-frequency deployments. Since mmWave channels are
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Fig. 10. Antenna array geometries: (a) ULA, (b) UPA, and (c) UCA. ULA
offers simple one-dimensional steering, UCA improves azimuthal coverage,
and UPA enables 3D beamforming.
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Fig. 11. Normalized polar beam patterns for different numbers of antenna
elements. Increasing N narrows the main beam and improves directivity, but
also increases beam alignment requirements.
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Fig. 12. Normalized polar beam patterns for different antenna spacings.
Larger spacing improves angular resolution, but excessive spacing may
introduce grating lobes and interference.

often dominated by a small number of directions, beamspace
mMIMO represents the channel through a limited set of
dominant beams. This enables efficient beam selection and di-
rectional transmission, while reducing the number of required
RF chains compared with fully digital beamforming, which is
an important practical advantage at mmWave bands [28], [29].

Edge computing and Al-based network control can also
improve mmWave and mMIMO operation [30], [31]. When
processing is moved closer to the user, end-to-end latency is
reduced and delay-sensitive services are easier to support [30].
In addition, AI methods can adjust practical parameters such as
beam selection, power control, and scheduling using real-time
measurements. These capabilities are particularly useful for
beam management in dynamic environments, where blockage,
mobility, and channel variations require fast adaptation.

Similar concepts apply in cognitive radio. With mMIMO,
spectrum sensing can benefit from spatial diversity and array
gain, which improves detection in fading and interference.
mmWave directionality can add an angle dimension through
beam scanning, helping to separate primary transmissions [32],
[33]. In future 6G-oriented networks, RIS-assisted links, UAV
platforms, Al-driven beam control, and multi-connectivity
can complement mmWave mMIMO by improving coverage,
reducing blockage sensitivity, and supporting high-capacity
services in dense and dynamic scenarios.

V. CONCLUSION

This survey covered two key enabling technologies for 5G
and beyond: mmWave and mMIMO. mmWave offers large
bandwidth and high data rates, but its coverage is strongly
affected by propagation impairments such as rain, vegetation,
atmospheric absorption, and material penetration. Therefore,
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these effects must be considered in link design according to
the target deployment scenario.

mMIMO helps mitigate mmWave limitations by providing
high beamforming gain and spatial selectivity, which com-
pensate for path loss and reduce interference. Complementary
solutions such as reconfigurable intelligent surfaces (RIS) and
unmanned aerial vehicles (UAVs) can further improve relia-
bility by creating additional propagation paths. Overall, future
mmWave mMIMO design should jointly consider propagation
attenuation, antenna configuration, beamforming architecture,
hardware complexity, and deployment scenario.
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