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ABSTRACT

Fifth generation cellular systems will be deployed
in the microwave and millimeter-wave (mmWave)
frequency bands (i.e., between 0.5-100 GHz).
Propagation characteristics at these bands have a
fundamental impact on each aspect of the cellu-
lar architecture, ranging from equipment design to
real-time performance in the field. While we have
a reasonable understanding of the propagation
characteristics at microwave (< 6 GHz) frequencies,
the same cannot be said for mmWave. This article
explains key differences in the propagation char-
acteristics between the microwave and mmWave
bands, and further gives examples of how these dif-
ferences impact 5G system design.

INTRODUCTION

In order to meet the high data rate requirements
of fifth generation (5G) cellular systems (20 Gb/s),
large bandwidths (up to T GHz) are needed that are
not available in the sub-6 GHz (microwave) frequen-
cy bands. The millimeter-wave (mmWave) bands
(30-300 GHz) are relatively unused, and have large
available bandwidths attracting a lot of interest for
5G cellular access. However, the nature of radio
propagation between microwave and mmWave
frequencies is different, and this has a wide ranging
impact on all system aspects — in particular, system
performance, equipment design, signal process-
ing requirements, and fundamental architectures
of both the base station (BS) as well as the user
equipment (UE). Almost all current cellular systems
are deployed in the microwave bands. Therefore,
a wealth of experience and measurement results
are available; however, comparatively fewer mea-
surements exist for the mmWave bands [1-5]. With
the above discussion in mind, a natural question to
ask would be: What are the fundamental differences
between the mmWave and microwave propagation
channels, and what physical processes lead to such
differences? In this article, we present an overview of
these key differences, and highlight their impact on
5G cellular system design.

Propagation channel models, which describe
the statistics of small-scale and large-scale variations
in different environments, are in turn determined

by the characteristics of the different multipath
components, that is, signal echoes that propagate
from the transmitter to the receiver via different
paths, interacting with the environment in various
different ways. It is well known that the various
propagation processes describing these interac-
tions are frequency-dependent [1, 5-7]; this forms
the physical basis of why we can anticipate differ-
ent channel behaviors at different carrier frequen-
cies. First and foremost, the free-space path loss
increases quadratically with carrier frequency, f,
when considering antennas with frequency-inde-
pendent gain (e.g. shrinking the antenna aperture
as frequency increases) at both link ends. In con-
trast to this, if the antennas at both link ends have
a constant physical area and frequency-dependent
gain, the path loss decreases with the square of f [6,
71. Furthermore, specular reflections at a dielectric
halfspace (representing ground reflections) are fre-
quency-dependent only as far as the dielectric con-
stant is frequency-dependent, while reflection at a
dielectric layer, such as a building wall, depends
on the electrical thickness of the wall, and thus on
frequency. Having said this, it is not clear wheth-
er reflection coefficients increase or decrease
with frequency. Conversely, transmission power
through objects almost uniformly decreases with
increasing frequency due to the presence of the
skin effect in lossy media. Another two effects that
have also drawn attention at mmWave frequencies
are diffraction and diffuse reflection. The efficiency
of diffraction strongly decreases with increasing
frequency, as obstacles such as building walls or
people introduce sharp “shadows.” Conversely,
diffuse scattering becomes more relevant as the
surface roughness of common objects becomes
comparable to the wavelength (more precisely, as
the Rayleigh roughness becomes close to, or larger
than, unity). In the extreme case, rough surfaces
essentially diffuse radiation uniformly in all direc-
tions. A similar effect also occurs in penetration
through foliage: as the leaves become comparable
in size relative to the wavelength, signal penetra-
tion through the leaves decreases, while scattering
off the leaves increases. Last but not least, the size
of the first Fresnel zone (the area particularly vul-
nerable to shadowing objects) decreases with the
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square root of the wavelength. For realistic simula-
tions, all of these physical phenomena need to be
incorporated into ray tracers and statistical models
for research and system design. A major challenge
for accurate ray tracing implementation will be to
account for the physical features of buildings, as
well as obtaining sufficiently high-resolution data-
bases of the terrain, as standard databases only
offer resolution on the order of a few meters, and
thus do not show effects such as transitions from
smooth windows to rough stucco, for example.
Furthermore, the impact of these effects on overall
(statistical) channel parameters greatly depends on
the type of environment. For instance, in down-
town urban centers with smooth glass/concrete
building surfaces, one can expect smaller frequen-
cy dependence than in suburban environments,
where houses have stucco surfaces and surround-
ing vegetation.

LARGE-SCALE PROPAGATION BEHAVIOR

PATH Loss

Path loss governs the coverage distance and inter-
ference levels (a key factor in determining the
signal-to-interference-plus-noise ratio, SINR) of
a cellular system. Path loss models have varying
degrees of complexity and accuracy, and may
also include dependence on antenna heights, as
well as operational scenarios (e.g. urban, rural).
Due to their frequency dependence and the
impact of antenna gains, path loss models are
different for microwave and mmWave bands [1,
5-71]. The statistical deviation of the path loss
model fit from measured field data is expressed
by the root mean square error between actual
and predicted signal strength (local average) over
distance, and is interpreted as an estimate of the
shadow fading standard deviation, ¢ (in dB).

The atmosphere, including oxygen, rain, and so
on, induces additional frequency-dependent atten-
uation to signal power, primarily at mmWave. Loss-
es caused by oxygen and light rain are negligible
at microwave frequencies as well as for small cell
distances at mmWave bands (except for frequen-
cies around 60 GHz, where oxygen absorption
creates about a 20 dB/km loss), but heavy rain/
hail/fog may induce severe loss at mmWave fre-
quencies. Unlike today’s microwave systems, 5G
cellular systems will utilize extremely directive, high
gain antennas to overcome weather effects and
free space loss due to frequency. Researchers have
proposed various statistical path loss models for
mmWave frequencies, such as the Stanford Univer-
sity Interim (SUI) model adopted for mmWave fre-
quencies [1], but the two most popular models are
the ABG and CI models. Expressions for both mod-
els are detailed in [1, 5]. The ABG model is inherit-
ed and extended from the legacy floating-intercept
model, and has three parameters. Two of the
parameters show dependence on the link distance
and frequency, while the other is an optimized off-
set value based on the specific measured dataset
used to create the model. The three parameters
are obtained through a least squares fit of mea-
sured data to minimize c. In contrast, the Cl model
uses a 1 m close-in free space reference and has
only one parameter, the path loss exponent (PLE),
offering much less computational complexity than
the ABG model when determining model param-

eters, while providing comparable fitting accura-
cy with much better stability and accuracy when
extrapolated outside the distance range for the
measured data, as demonstrated in [5]. Besides the
Cl model, model extensions use frequency-depen-
dent PLE (the CIF model) or a BS-height-dependent
PLE (the CIH model).

The ABG and CI models are applicable to both
microwave and mmWave bands [4, 11]. To pro-
vide an intuitive comparison of path loss models
between microwave and mmWave frequencies,
we plot the omnidirectional path loss at 2 GHz
and 100 GHz using Third Generation Partnership
Project/International Telecommunication Union
(3GPP/ITU) (ABG) and NYUSIM (CI) channel
models for the urban microcell (UMi) scenario,
as illustrated in Fig. Ta. The PLEs in the NYUSIM
model are obtained from field measurements in
UMi environments [5]. Figure Ta shows that the
free space loss in the first meter is approximately
34 dB greater at 100 GHz compared to 2 GHz, as
captured by Friis” law. Moreover, by comparing the
path loss models in the same environment but with
different frequencies (excluding the curves with
breakpoints), it is seen that the path loss lines at
microwave and mmWave frequencies are almost
parallel, meaning that there is virtually no difference
in the path loss exponent beyond the first meter of
free space, such that PLEs are of comparable val-
ues and independent of frequency [1, 5,71.

PROBABILITY OF LINE OF SIGHT

This depends on the distance between the BS and
UE, as well as the surrounding physical structures
in the propagation environment (e.g., density and
heights of buildings close to the BS and UE). It is
important to note that the line of sight (LoS) prob-
ability does not depend on carrier frequency. In the
3GPP/ITU channel models, it is applicable over
0.5-100 GHz. The NYUSIM model proposes a
new model that more accurately predicts the LoS
probability, especially at large distances for UEs [5].

SHADOW FADING

Shadowing is significantly more pronounced

at higher frequencies due to the higher losses

induced by diffraction. One needs to distinguish
between three different types of shadow fading:

1. Environmental shadowing, which is experi-

enced as the UE moves along a trajectory.
In this case, power variations occur as the
UE moves into and out of regions that are
covered by the BS via efficient reflection pro-
cesses.

2. Shadowing induced by environmental
objects: Whenever a multipath component
(MPC) is blocked by another person or an
object (e.g., a car), the path becomes strong-
ly attenuated.

3. Self-shadowing by the person holding the
UE, which depends on rotation, and change
of hold (e.g., to ear vs. in front of torso).
Detailed measurement-based models have
been developed over the past six years.

For all of these effects, we find that the shadow

fading variance increases with frequency. Recent

work [8] has also shown that for microcells, the
path loss coefficient depends on the street orien-
tation, leading to strong variations of received sig-
nal strength between streets at the same distance

The impact of these
effects on overall (sta-
tistical) channel param-
eters greatly depends

on the type of envi-
ronment. For instance,

in downtown urban
centers with smooth
glass/concrete building
surfaces, one can expect
smaller frequency
dependence than in
suburban environments,
where houses have
stucco surfaces and sur-
rounding vegetation.
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Figure 1. a) UMi omnidirectional path loss at 2 GHz and 100 GHz; b) SINR comparison between 2 and 30 GHz with different ISDs.
One UE is assumed with a 64- and 256-element cross—polarized array at 2 and 30 GHz.

from the BS. If such variations are interpreted as
environmental shadowing, shadowing variances
also increase with distance. While this effect is
present in the microwave frequencies, it is more
pronounced for mmWaves.

PENETRATION LOSS

For UEs in indoor environments, a channel
model with penetration loss becomes vital. While
penetration loss for sub-6 GHz frequencies is
mostly constant [9, 101, it increases at mmWave
frequencies. Moreover, very different types of
penetration losses were observed for urban envi-
ronments relative to suburban one [11]. Refer-
ences [4, 11], using a weighted average of the
transmission through different materials available
in urban and suburban environments, result in a
dynamic range of penetration loss between 12
to 32 dB from 3 to 100 GHz for their low loss
model, and between 30 to 60 dB for their high
loss model.

CELL RANGES AND INTERCELLULAR INTERFERENCE

Network densification will be a key aspect of
5G cellular systems. By reducing the cell size,
spectrum resources can be reused in differ-
ent geographical areas, increasing the per-user
throughput in a cell. As a result, the UMi scenar-
io is vital to 5G New Radio (NR) channel mod-
eling and system design. A typical cell range of
UMi is defined as 200 m in both microwave and
mmWave bands in 3GPP/ITU. Figure 1b pres-
ents the SINR comparison between 2 GHz and
30 GHz cellular networks. The simulation is per-
formed in a wrapped 57-cell UMi network lay-
out. At 2 GHz [10], each cell is equipped with
a 64-element cross-polarized array with discrete
Fourier transform precoding, while at 30 GHz
[11], an array of 256 cross-polarized elements is
employed. It can be observed that in the 2 GHz
system, the SINR drops as inter-site distance (ISD)
shrinks. On the contrary, SINR in the 30 GHz net-
work grows when the ISD decreases from 200
m to 50 m. This finding implies that at 2 GHz,
the noise power is negligible and the dominant

performance limiting factor is intercellular inter-
ference (ICl). As such, the difference between
the signal-to-interference ratio (SIR) and SINR is
small. At 30 GHz, the higher propagation loss for
omnidirectional antennas leads to a requirement
for highly directive antennas [1, 5]. Consequently,
ICI plays a less significant role relative to the noise
power, increasing the gap between SIR and SINR.
These different characteristics naturally impact
the focus of system design in microwave and
mmWave bands. Overall, the aim of microwave
network coordination is how BSs cooperate to
mitigate mutual interference, while coordination
at mmWave must focus on effective link switching
among coordinated BSs to retain coverage with
UE mobility.

BANDWIDTH DEPENDENCY

Bandwidth has a large impact on how the BS and
UE experience the mmWave channel. With a larg-
er bandwidth, the delay resolution increases, and
hence it is easier for the BS and UE to resolve the
present MPCs. As a result, the channel statistics
also change with the bandwidth. In [11], the band-
width dependency of channel parameters was
discussed for various environments. An important
observation was that parameters such as delay
spread (DS) and angular spread (AS) change as
the bandwidth changes. More measurements are
needed to confirm this trend over a wide range
of scenarios. This implies the necessity to adjust
the beamforming coefficients over the frequen-
cy band when using wider bandwidths. Also, the
K-factor for each resolvable delay bin tends to
increase with delay resolution, and there is a shift
in the small-scale fading statistics due to the pos-
sibility of resolving the dominating component.
The directional DS and AS are shorter than the
corresponding omnidirectional values, and there
are significant variations in the directional spreads
between different frequencies at lower band-
widths. For large bandwidths, directional spreads
seem to be in between spreads experienced at
various frequencies having lower bandwidths
[12].
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CLUSTER NUMBERS AND
HYBRID BEAMFORMING PERFORMANCE

At mmWaves, an important characteristic is the
relatively small number of dominant MPCs in
comparison to microwave frequencies. While
significant diffuse scattering is anticipated from
theoretical considerations, recent measurement
campaigns in both indoor and outdoor environ-
ments have demonstrated that a high percentage
of the received energy can be explained by dis-
crete MPCs [1, 2]. An intrinsic limitation of most
mmWave campaigns is the non-coherent} nature of
the measurements with directional antennas, such
that the angular resolution is limited by its narrow
beamwidth. As a result, multiple MPCs may fall
into the antenna beamwidth, but appear as a single
MPC. It is thus difficult to state the precise number
of contributing MPCs in a given propagation envi-
ronment, and it is not clear whether channels are
sparse in the sense of having a small number of
MPCs. Nevertheless, mmWave channels are sparse
in the sense that majority of the resolvable delay/
angular bins do not contain MPCs with sufficient
electromagnetic energy [1, 12]. Due to the above-
mentioned effects, the angular (double-directional)
characteristics of mmWave channels are signifi-
cantly different from sub-6 GHz channels, and the
higher directionality of mmWave antennas rela-
tive to comparable size below 6 GHz changes the
interaction between BS/UE and the channel [1].
Like sub-6 GHz, MPCs at mmWave also have the
tendency to occur in clusters (i.e., groups of MPCs
that have similar angular and delay characteristics).
This effect arises as the MPCs are created by the
interaction of the transmit waveform with physical
objects, such as a group of high rise buildings, or
from the waveform undergoing similar waveguid-
ing process in a corridor or a street canyon. Clusters
can be extracted from channel measurement data
via analysis of the multidimensional power spectrum
and clustering algorithms [2]. Different propagation
models have different definitions for clusters, as well
as recommendations on the number of clusters for
a given propagation environment. For instance, the
3GPP/ITU channel model (and its extensions) defines
a cluster as a group of MPCs with the same delay,
and a power angular spectrum centered around a
mean angle that itself is chosen as a random devi-
ation from the LoS angle. Rather surprisingly, [11]
states that even at mmWave, the number of MPCs
within each cluster is 20, with a fixed number of clus-
ters dependent on the operational scenario. In sharp
contrast to this, the COST 259/273/2100 models
define a cluster as a group of MPCs that all have sim-
ilar parameters — delay, angle of arrival (AoA), and
angle of departure (AoD) — while having parame-
ters that are significantly distinct from those of other
clusters in at least one dimension. Furthermore, the
COST models, as well as the NYUSIM model, define
the number of clusters as a random variable whose
distribution parameters depend on the propagation
scenario and environment. COST 259/273/2100
also models the appearance and disappearance of
clusters via the concept of random visibility regions
in the coverage area, so if a UE is in such a region,
the cluster contributes to the CIR. This ensures spatial
consistency when the UE moves along a trajecto-
ry. The NYUSIM model defines the concept of time
clusters, where a group of MPCs traveling close in

time can arrive from different angles, as well as spatial
lobes which denotes primary AoDs/AoAs, where
energy arrives over a short time period. Typically,
the Poisson distribution is used to model the random
number of clusters with a given mean. This is in line
with recent measurements [12] that found an aver-
age number of 3.52 and 4.58 clusters for indoor and
outdoor UMi non-LoS (NLoS) scenarios, respective-
ly. Figure 2a depicts the corresponding CDFs of the
number of clusters in both scenarios, where the pos-
itive Poisson distributions are illustrated as best fits.
In contrast to the 3GPP/ITU model, a significantly
smaller number of clusters is observed on average,
providing indications of channel sparsity. The above
differences in cluster numbers (and cluster definitions)
have important consequences on the design of the
mmWave transceiver architectures, as well as on its
performance.

Since a physically small antenna aperture becomes
electrically large at mmWave bands, mmWave sys-
tems are inherently more capable of focusing beams
and obtaining gains through the antenna aperture.
When analyzing the impact of MPCs on beamform-
ing performance, the interplay between the antennas
and propagation channel needs to be carefully con-
sidered, since it determines the achievable spectral
efficiency through different beamforming techniques.
However, these approaches require a dedicated up/
down-conversion RF chain for each antenna element
(to maximize the multiplexing gain), drastically increas-
ing cost and energy consumption. To overcome this,
hybrid beamforming has been proposed, which uses
a combination of analog beamformers with digital
beamforming via a smaller number of up/down-con-
version chains. Numerous algorithms are devised in
the literature for single- and multiuser systems (see
[13] for a taxonomy). We note that multipath sparsity
inherently complements the structure of the hybrid
transceivers. However, with an increasing number of
MPCs, systems designed for sparse channels do not
perform as well. Figure 2b shows the ergodic spectral
efficiency of a single-user multiple-input multiple-out-
put (MIMO) system with the hybrid beamforming
algorithm detailed in [14]. With 4 and 8 RF chains at
each link end, the ergodic spectral efficiency of the
system saturates logarithmically with an increasing
number of clusters.

SPATIAL CONSISTENCY

Existing 3GPP channel models are based on the
concept of a drop — a channel segment which rep-
resents a period of quasi-stationarity; that is, the
large-scale parameters for generating the channel
impulse response (CIR) are constant during the simu-
lation period. Between multiple drops, the large-scale
parameters have no continuity, and independence is
assumed. 5G systems require a propagation model
where the parameters continuously evolve, e.g., for
performance prediction of beam tracking approaches
as the UE moves along a trajectory. While the COST
259/273/2100 models have long enabled spatial
consistency (SC), particularly through the concept of
visibility regions, 3GPP only recently [4, 11] defined
two procedures for SC, namely Spatial Consisten-
cy Models | (SCH) and Il (SCHI). SC- applies an iter-
ative algorithm to update the channel parameters,
and the moving distance of the UE is limited by the
correlation distance, which is specified in [4]. As an
example, we provide one realization of SC-l for an
NLoS UMi scenario at 28 GHz. The initial spatially

At mmWaves, an
important characteristic
is the relatively small
number of dominant
MPCs, in comparison to
microwave frequencies.
While significant diffuse
scattering is anticipated
from theoretical consid-
erations, recent mea-
surement campaigns
in both indoor and
outdoor environments
have demonstrated that
a high percentage of
the received energy
can be explained by
discrete MPCs.
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Figure 2. a) Measured and predicted number of clusters in an outdoor UMi NLoS and indoor NLoS environments at 28 GHz. The
figure is reproduced from [12]; b) ergodic spectral efficiency of a single-user MIMO system vs. the number of clusters. The hybrid
beamforming approach in [14] is employed.

consistent delays/powers/angles of clusters are gen-
erated according to the same procedure as without
SC. Assuming the UE moves along a trajectory at a
speed v, the moving distance will be limited within 1
m in a short time period At. Then, for each At interval,
the delays, powers, and angles will be updated with
the method in [4]. Finally, these updated parameters
will be used to generate the CIR. The trajectory of
the UE is plotted in Fig. 3a. There are three turning
points, with the BS located at the starting x-y position.
In Fig. 3b, the spatially consistent AoD variations can
be seen with UE mobility.

ANTENNA CHARACTERISTICS,
KEY SPATIAL PROCESSING DIFFERENCES, AND

BEAM MANAGEMENT

Since the target is to support UE mobility, the anten-
nas need to be adaptive in order to steer the gain
toward the strongest scatterers or clusters of scatter-
ers (i.e. to perform analog beamsteering with digital
processing) in a coordinated fashion between BS
and UE. This situation is different for most, but not
all microwave systems, since they rely on time-divi-
sion duplex (TDD) massive MIMO with full digital
processing. Here, uplink pilots are used for down-
link precoding, any antenna array geometry can be
used, and the BS does not need knowledge of the
incoming or outgoing channel directions.

At mmWave bands, the current assumption for
5G NR is that the BS regularly sweeps through all
possible beam alternatives during a 5 ms interval,
and the UE responds with a message directly after
detecting its preferred beam alternative. There
are four different beam management operations
defined by the 3GPP:

+ Beam sweeping: A sector is covered by a
pre-defined set of transmitted and received
beams in a time interval.

+ Beam measurement: The BS or UE measure
the quality of received beam (e.g., via SNR).

* Beam determination: The BS or UE selects its
own beams.

+ Beam reporting: The UE reports its measure-
ment of beam quality to the BS.

In the 3GPP/ITU standardization, there are two
basic array configurations defined for the BS for
system-level performance evaluation: 8 x 8 and
16 x 16 planar arrays. Typically, dual polarization
also needs to be considered. In the above cases,
it is important to note that the resulting array gain
depends on the steering angle. The half power
beamwidth of a 256-element cross-polarized BS
array with 45° slant angle configured ina 16 x 16
planar fashion is approximately 8° in both azimuth
and zenith domains with a broadside directivity of
30.1 dBi. For UEs, it is also necessary to have adap-
tive arrays to close the link budget. It is important
that the BS works in synchronization with the UE,
such that their boresights are aligned as they jointly
transmit/receive energy from scatterers. Critically at
mmWaves, this needs to happen independent of the
UE orientation. This implies that the UE has to con-
stantly track the directions from which the power is
coming in order to steer its beams and compensate
for any movements by the user. In [15], a typical
array response of a UE with and without influence
of a person holding the device is shown, highlighting
the beam distortion of close objects to the array. It is
important to remember that the beamforming at the
BS will affect the way the UE experiences the chan-
nel. Typically, the number of effective scatterers, the
number of visible clusters, DS, and AS are reduced
significantly as the BS only illuminates a part of the
available channel during communication. This also
means that alternative paths for the UE to lock on to
during communication are reduced while the link is
in operation.

PRACTICAL CHALLENGES AND
LATEST INDUSTRIAL DEVELOPMENTS
PRACTICAL CHALLENGES
While a complete discussion of the relevant

deployment challenges warrants a dedicated arti-
cle, below we present some of the most important
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implementation difficulties of mmWave systems,

and discuss their corresponding countermeasures.

+ Deeper shadowing dips and larger outage
regions are overcome by network densifica-
tion accounting for the anisotropy of prop-
agation in many relevant scenarios, and/or
system layout that can fill mmWave cover-
age holes with underlying centimeter-wave
(cmWave) connections, say LTE instead of
non-standalone (NSA) 5G-NR.

+ Large outdoor-to-indoor penetration loss for
certain building materials (steel, concrete, ener-
gy-saving windows) can be solved by either
outdoor placement for the mmWave antennas
combined with cmWave distribution into the
building, or special coupling structures.

+ Increased sensitivity of beamforming to even
small movement, both for beamforming
based on instantaneous channel state infor-
mation (CSI) (position changes in units of
wavelength determine behavior), and aver-
age CSI (faster change of angular power
spectra due to sharper shadows in mmWave
systems), are combated by new algorithms
for robust beamforming as well as extrapola-
tion of channel characteristics, possibly with
the help of location and channel information
in the cmWave bands.

+ Higher Doppler frequency and phase noise
leads to larger inter-carrier interference in
multi-carrier systems, and can be combatted
by optimized multicarrier spacing or novel
modulation methods such as orthogonal
time frequency space (OFTS) modulation.

+ Requirements of faster feedback (due to
higher Doppler) are solved by either intro-
duction of larger link margins or redesign of
frame/feedback structure.

LATEST INDUSTRIAL DEVELOPMENTS

The first commercial deployment of 5G systems
will be in accordance with 3GPP Release 15
(NR), which was frozen in March 2018. Preferred

bands for the initial deployment are C-band (3.3-
4.2 GHz) and 26/28 GHz. Specifications have
been developed, but only trials have been done
thus far. Commercial deployments are expected
to take place after World Radiocommunication
Conference 2019. There are two deployment
architectures for 5G systems: NSA and stand-
alone (SA). The preferred architecture for initial
deployment is NSA. Here, a 5G cell in any band
is secondary to LTE and derives its control chan-
nel from an LTE cell. In SA deployment, a master
node could be in the C-band and a secondary
node in the mmWave band. The 3GPP Release
15 SA architecture was frozen in June 2018; how-
ever, more enhancements to some interfaces still
need to be done. From the physical layer radio
perspective, the C-band is expected to support
TDD-based digital beamforming for simultane-
ous service to many UEs, while the 26/28 GHz
bands are expected to support analog or hybrid
beamforming to a relatively smaller number of
UEs. While research has been done on exploiting
the physical layer correlation of the propagation
characteristics in the two bands, we are not aware
of systems that will be deployed in the near future
with such tightly coupled radios.

CONCLUSIONS

This article has summarized key differences
between propagation at microwave vs. mmWave
frequencies. Table 1 captures these differences and
highlights their impact on 5G mmWave systems.
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