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of frequency- and environment-dependent
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under different transceiver configurations,
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search strategies.
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Application Using a Multidimensional Structural Measure”

What is the problem being addressed by the manuscript and why is it important to the Antennas &
Propagation community? (limited to 100 words).

To explore and exploit the channel correlation across multiple frequency bands and scenarios, knowledge of
frequency- and environment-dependent propagation characteristics is of great importance for reducing the
system complexity. However, there is a dearth of research focusing on experimental characterization of the
multidimensional channel similarities simultaneously. This work will favor the community by providing
channel similarity analysis across the centimeter-wave and millimeter-wave bands in two typical
environments using a multidimensional structural channel similarity index measure, as well as an
investigation of the feasibility of out-of-band information-assisted beam search.

What is the novelty of your work over the existing work? (limited to 100 words).

1) To evaluate the similarities of different channels in the form of numerical values, an objective CSIM is
proposed, which accounts for the multidimensional structural information of the effective rays, including the
complex amplitude, delay, AoA, and AoD.

2) The CSIM can be used to measure channel similarity under different transceiver configurations,
considering the effects of delay resolution and angular resolution. Its statistical characteristics can reflect

channel similarity across different bands or environments.

3) Channel similarity is related to beam direction differences to investigate the feasibility of out-of-band

information-assisted beam search strategies.
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Cross-Channel Similarity Analysis and Application
Using a Multidimensional Structural Measure
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Cheng-Xiang Wang, Fellow, IEEE, and Xiaohu You, Fellow, IEEE

Abstract—To meet the required full coverage and ultrahigh
data rate demands of next-generation mobile communications,
the coexistence of multiple radio frequency systems operating in
well-separated frequency bands in precisely identified scenarios
must be exploited. In this context, an investigation of frequency-
dependent and environment-dependent channel characteristics
by exploring the spatial and temporal correlations of multi-
path channels across different frequency bands and different
environments is imperative. In this paper, a structural channel
similarity index measure (CSIM) is proposed, which comprehen-
sively considers several multipath parameters of two different
channels, including amplitude, phase, delay, angle of arrival
(AoA), and angle of departure (AoD). Based on extensive field
measurement campaigns and ray tracing simulations conducted
across both centimeter wave (cmWave) and millimeter wave
(mmWave) bands in typical indoor and outdoor scenarios, the
proposed CSIM is proven to effectively measure similarity from
specific dimensions as well as the statistical distributions, and the
similarities between channels across different frequencies and
different environments are presented. Moreover, the feasibility
of out-of-band information-assisted beam search based on cross-
band channel similarity is also validated.

Index Terms—Channel similarity index measure (CSIM), chan-
nel characteristics, channel simulations and measurements, multi-
band and multi-environment, beam search

I. INTRODUCTION

HE saturation of the spectrum in sub-6 GHz band has
made it impossible to meet the exploding demands for
communication capacity and high transmission rates [1], [2].
The development and utilization of higher frequency bands
is considered an effective solution to this dilemma. The
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abundant unplanned spectrum resources in millimeter wave
(mmWave) bands have attracted the enthusiastic attention of
researchers worldwide [3]. On the one hand, by combining
the capabilities of high-frequency and low-frequency systems,
multiband communication systems show great promise for
achieving both a breadth and depth of coverage compared
with traditional single-frequency systems [4]. The wide range
of frequencies spanned leads to different propagation mecha-
nisms and gives rise to differences in channel characteristics.
Radio waves in sub-6 GHz band can achieve wider coverage
because of their high diffraction and penetration performance,
whereas mmWave signals suffer from more serious path loss
and blockage and can only be used for short-range cover-
age. Large-scale antenna arrays have thus been introduced
to focus the energy in the desired directions, although they
greatly increase the system’s hardware complexity as well as
the computational overhead of signal processing. To reduce
the training overhead of angle of arrival (AoA) estimation,
several algorithms have been proposed that explore sub-
6 GHz channel state information (CSI) to assist mmWave
spatial correlation matrix estimation [5]-[8]. On the other
hand, wireless communication system design and coverage
performance are strongly related to deployment environments.
The mmWave channel characteristics are sensitive to the
propagation environment, which requires accurate scenario
recognition to meet the dedicated communication demands in
specific propagation environments. Therefore, we must fully
clarify how the propagation characteristics change with the
carrier frequency in the different propagation environments.
The radio propagation characteristics in the sub-6 GHz
band have been extensively studied, and the corresponding
systems have been widely used in the current commercial
communication systems. At present, many studies have fo-
cused on the channel characteristics of the popular mmWave
frequency bands, and many accurate or universal channel
models have been proposed on the basis of both measured
and simulated data [9]. Based on extensive measured channel
data from typical indoor and outdoor scenarios in the 28
GHz and 39 GHz bands, the frequency dependence of the
path loss and the root mean square (RMS) angular spread
were discussed in [10] and [11]. In [3], a measurement-
based mmWave propagation channel model from 28 GHz to
73 GHz was presented. The propagation characteristics were
modeled in multiple dimensions, which included directional
and omnidirectional channel models, temporal and spatial
channel models, and outage probabilities. In addition, side-
by-side comparisons of propagation characteristics over a
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wide range of mmWave bands were provided. Many works
have focused on channel simulations and measurements across
multiple frequency bands and environments. However, they
have derived channel correlations based on visual observations
or statistical comparisons of the channel parameters [12], [13].
For example, channel measurements were conducted in the 3.5
GHz and 28 GHz bands in indoor and outdoor scenarios to
study the channel property differences between the microwave
band and the mmWave band [14]. The Saleh—Valenzuela (S-
V) model was chosen to analyze the statistical parameters of
the clusters, such as the number of clusters, the intercluster
interval, and the ray decay factor. The effects of the frequency
and bandwidth on the decay factor are discussed in detail.
In [15], the authors carried out channel measurements in an
indoor cubicle office and a conference room, using seven
frequency bands ranging from 2.4-61 GHz. Based on the
multipath parameter estimation results, frequency-dependent
modeling of path loss, shadow fading, the cross-polarization
ratio, delay spread and angular spread was presented. However,
these channel parameters can represent only the characteristics
of a certain dimension of a particular channel but cannot
establish a connection between two channels.

Intuitively, a high level of channel similarity between the
mmWave and sub-6 GHz channels can be observed when
the environment and the transceiver configurations are the
same. Therefore, the question arises of exactly how similar
they are, and to what degree of similarity can we use out-of-
band information. A specific index is needed to measure this
similarity. The correlation coefficient, which reflects the degree
of linear correlation between two variables, is a common
index for evaluating the correlation between signals received
at adjacent antenna units in MIMO systems [16]. However, the
correlation coefficient is only evaluated from a mathematical
perspective, which is easily affected by noise, and cannot
be measured comprehensively across multiple dimensions.
Power profiles with similar correlation coefficients do not
necessarily show similar differences. The same deficiency is
found in similarity evaluations of time series or images. When
measuring the correlation of two time series, the trend of the
series is introduced to compensate for the information lost by
judging only by the Euclidean distance [17]-[19]. Compared
with the mean square error (MSE) and the peak signal-to-
noise ratio (PSNR), the structural similarity (SSIM) calculated
based on the brightness and contrast of local patterns can
better reflect the similarity between images from the structural
perspective, which is more in line with the human perception
of images [20], [21]. Consequently, inspired by this structural
similarity, more physical characteristics of the propagation
channels should also be considered when evaluating two power
profiles. The clustered delay line (CDL) channel model of
the 3rd Generation Partnership Project (3GPP) [22], which
is mainly used for link-level channel simulations, specifies
a series of parameters, including the delays of clusters,
the angles of departure (AoDs), the AoAs, the phases, and
the amplitudes. These parameters determine the propagation
characteristics with respect to the transceiver. The multipath
component distance (MCD) [23] is one of the indices widely
used in automatic multipath clustering algorithms [23]-[26]
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to quantify the separation between multipath components
(MPCs). Furthermore, a channel similarity index measure was
proposed in [27], in which the power delay profile is regarded
as a time series, and cluster properties, such as the arrival time
and decay rate, are considered. Two spatial channel similarity
metrics focused on exploring the feasibility of using sub-6
GHz channel information for coarse estimation of mmWave
beam directions were proposed in [28], [29]. However, these
metrics can be used only for channel similarity measurements
in either the time domain or angular domain, and not for all
dimensions.

More importantly, how can channel cross-band similarity
be used as prior knowledge to guide the design of the out-
of-band spatial information-assisted beam search strategy, and
at what level of channel similarity can the beam search algo-
rithm obtain a stable prediction performance? The relationship
between channel similarity and the availability of out-of-band
information needs to be explored, as well as the influence
of various factors, such as the antenna array pattern, the
propagation environment complexity, and whether the direct
path is obstructed.

In this work, a structural channel similarity index measure
(CSIM) is proposed on the basis of multidimensional structural
information. Not only can it be used to compare the similarity
between two specific channels, but its statistical characteristics
can also reflect the similarity between different frequency
bands and different propagation environments. Based on the
proposed CSIM, the feasibility of out-of-band information-
assisted beam search is also investigated. The main contri-
butions of this work are summarized as follows.

1) To reasonably and effectively evaluate the similarities
of different channels in the form of numerical values,
an objective CSIM is proposed, which accounts for the
multidimensional structural information of the effective
rays, including the complex amplitude, delay, AoA, and
AoD. The proposed structural CSIM can evaluate channel
similarity from one or more dimensions.

2) The CSIM can be used to measure channel similarity
under different transceiver configurations, considering the
effects of delay resolution and angular resolution. Its
statistical characteristics can reflect channel similarity
across different bands or environments.

3) Channel similarity is related to beam direction differences
to investigate the feasibility of out-of-band information-
assisted beam search strategies. The availability of out-
of-band information depends on the complexity of the
propagation environment, which is related to the K factor.

The remainder of this paper is organized as follows. Section
IT presents extensive channel measurements and simulations
conducted at multiple bands in two environments that collected
a large amount of channel data to use for analyzing the
channel similarity. The proposed multidimensional CSIM is
introduced in Section II. In Section IV, the statistical distribu-
tions of the CSIM across multiple frequency bands and two
environments are presented, as well as the feasibility of out-
of-band information-assisted beam search. Finally, Section V
concludes the paper.
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II. CHANNEL MEASUREMENT AND SIMULATION
CAMPAIGNS

Channel measurements and simulations were conducted in
multiple frequency bands in typical indoor and outdoor sce-
narios, i.e., a conference room and an office campus. The test
frequencies ranged from the microwave band to the mmWave
band, including 3 GHz, 5 GHz, 28 GHz, and 37.5 GHz. A large
amount of channel data was obtained from the measurements
and simulations for channel similarity analyses. In this sec-
tion, the propagation environments and the measurement and
simulation configurations are described in detail, followed by
data preprocessing and a channel characteristic analysis.

A. Channel Measurements

Using a commercial off-the-shelf (COTS) instrument-based
flexible channel sounder [30], channel measurements were
conducted in multiple frequency bands by changing the corre-
sponding radio frequency (RF) device. Considering the limita-
tions of the hardware configuration and the measurement cost,
only channel state information (CSI) in the time domain and
the AoA domain was detected and analyzed. For the mmWave
channel measurements, high-gain horn antennas were used to
receive spatial MPCs by rotating in the azimuth and elevation
planes. The angle resolution was 10°, which is related to the
half-power beam width (HPBW) of the receiving antennas and
the rotary step size of the rotator. An open-ended waveguide
antenna with an HPBW greater than 80° was employed for
wide coverage on the transmitter (TX) side. For the sub-6 GHz
channel measurements, dipole antennas were used on both the
TX and receiver (RX) sides. To obtain the AoA, a virtual pla-
nar array of 8 x 8 elements was used by translating the dipole
antenna at the RX. The TX and RX antennas were placed
in both vertically and horizontally polarized configurations
during the channel measurements. The detailed specifications
can be found in Table I. GPS-disciplined rubidium standard
references were used for precise clock synchronization. Before
the measurements, the system impulse response was calculated
by physically connecting the RF ports of the TX and RX.

TABLE 1
MULTIFREQUENCY CHANNEL MEASUREMENT SPECIFICATIONS

Parameter ‘ Value
Carrier Frequency (GHz) 3 ‘ 5 28 375
Bandwidth (MHz) 100 100 300
Gain (dBi) 2.0 6.0 6.5
. o
TX Antenna E-plane HPBW (°) 60 102 80
H-plane HPBW (°) 360 63 55
Gain (dBi) 2.0 26.2 | 275
B o
RX Antenna E-plane HPBW (°) 60 10
H-plane HPBW (°) 360 10
RX Rotation Range in Azimuth (°) / 0 ~ 350
RX Rotation Range in Elevation (°) / 50 ~ 120
RX Rotation Step (°) / 10

Fig. 1 depicts the layouts of the TX and RX locations in the
typical indoor and outdoor scenarios. The dimensions of the
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Fig. 1. Layouts of (a) the conference room scenario and (b) the outdoor office
campus scenario.

conference room are 11.7 x 9.0 x 3.0 m3. In the conference
room, there are several pieces of typical office furniture, such
as metal cabinets, wooden desks, and leather chairs. The height
of the desks is approximately 0.8 m. On the desktops, there are
some office supplies and experimental equipment. The walls
are made of concrete, glass, and wood. The metal cabinets
and railings next to the floor-to-ceiling windows are the main
scatterers. In this scenario, the TXs were fixed in the northwest
corner of the conference room at a height of 2.6 m. Twenty-
nine RX locations were selected, with fixed spacings of 1
m and 1.3 m. The height of the RX antennas was set to
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1.8 m, which is slightly greater than the desktop height, so
all the measured TX-RX location pairs corresponded to the
line-of-sight (LoS) scenario. The outdoor scenario is a typical
office campus surrounded by buildings 9-18 m in height. The
roads on the office campus are lined with evergreen camphor
trees with thick branches and leaves. The average tree height
is approximately 8 m. There are several winding paths and
bushes in the roadside flower beds. In this scenario, the TX
antennas were deployed on the roof of the building at a height
of 12.3 m, with the beam pointing into the middle of the
canyon. Dozens of typical RX locations were selected along
the three routes, including 8 LoS TX-RX pairs, 45 obstacle-
LoS (OLoS) TX-RX pairs obstructed by foliage, and 6 non-
LoS (NLoS) TX-RX pairs blocked by the building. The TX-
RX separation distances varied from 20 m to 85 m, and the
spacing of the RX locations along each route was 2 m.

Measurements were carried out at the 3 GHz, 5 GHz (specif-
ically, 5.4 GHz in the indoor scenario and 4.8 GHz in the
outdoor scenario due to the interference signals encountered
during the measurements), 28 GHz and 37.5 GHz bands. A
simplified peak detection algorithm [11] is proposed here to
estimate MPCs. For the direction-scan measurement method,
the angular power spectrum (APS) can be obtained in accor-
dance with the received power of the directional channel. For
simplicity, the angular resolution of the MPCs is considered
10° since standard gain horn antennas with an HPBW of 10°
were adopted. For the sub-6 GHz channel measurements, the
SAGE algorithm [31], [32] is used to accurately estimate the
MPCs.

B. Channel Simulations

To compensate for the resolution limitations in the channel
measurements, the commercial ray-tracing-based simulator
Wireless InSite was applied to obtain higher-resolution CIRs
in multiple frequency bands. All the simulation configurations
are consistent with the measurement settings. The dimensions
of the scenarios, and the placement of the scatterers, were
recreated as much as possible in the simulator. In the confer-
ence room, the TXs were placed in the same location in the
northwest corner in the multifrequency channel simulations
at a height of 2.6 m. A total of 2240 RXs were distributed
uniformly over a rectangular area with a spacing of 0.2 m to
simulate the channel conditions throughout the space. The RX
height was 1.8 m, which is consistent with the height of the
channel sounder used in the field measurements. In the office
campus, the TX antenna was deployed on top of the southern
building. Three RX sets along the roads (Route I, Route 2 and
Route 3) were selected, including 3168 RX locations with a
spacing of 0.5 m. Due to the shading of the vegetation, most
communication links are OLoS links, which are distributed
mainly along Route I and Route 2 and in the middle of Route
3. The remaining links are LoS links at both ends of Route
3 and NLoS links along Route I extending to the corridor in
the building.

The antennas used in the simulations are horn/dipole anten-
nas with the same HPBWs as the measurement antennas used
in the corresponding frequency band. Note that the material

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION

TABLE II
MULTIFREQUENCY CHANNEL SIMULATION CONFIGURATIONS

Parameter Value
3,5,28,375
100, 300, 1000

1, 10, 20, 30, 40, 50, 60

Carrier Frequency (GHz)
Bandwidth (MHz)
Angular resolution (°)

Polarization co- and cross-polarization
Reflection order 6
Transmission order 2
Diffraction order 2

properties, including the relative permittivity and conductivity,
were updated with the carrier frequency in accordance with the
ITU recommendations [33]. The transmit power was uniformly
set to 0 dBm, and the receiver sensitivity was set to -250
dBm to ensure that sufficient paths could be received. Based
on previous research on the simulation depth, the orders of
three propagation mechanisms, i.e., reflection, transmission,
and diffraction, were set to [6, 2, 2] for a trade-off between the
accuracy of the simulation results and the time consumption.
In addition, the machine learning-assisted calibration method
was introduced to further fine-tune the simulation parameters
to make the simulation channels more consistent with the mea-
sured channels [34]. Using the ray-tracing-based simulator,
more simulation results at multiple frequency bands, different
delay/angular resolutions, and polarization configurations can
be obtained directly for more in-depth comparative investiga-
tions. The detailed simulation configurations are listed in Table
II.

C. Channel Characteristic Analysis

The RMS delay spread and RMS angular spread are channel
characteristic parameters used to measure the dispersion of the
signal in the time domain or the angle domain. The RMS delay
spread and RMS angular spread measured at the specific RX
position across multiple frequency bands are depicted in Fig. 2.
An obvious trend is that the channel dispersion characteristics
decrease with increasing carrier frequency. A comparison of
the results of these two scenarios reveals that the RMS delay
spread measured in the conference room scenario is smaller
than that measured in the office campus scenario, but the
conclusion of the RMS angular spread is the opposite. This
is mainly due to the distinctive propagation environments. In
the conference room scenario, the signals pass through the
surrounding walls or internal objects to reach the receiver.
The incoming directions of the scattering paths are rich, and
their powers are relatively strong, so the signal energy is
concentrated in the time domain and dispersed in the angle
domain. In addition, these dispersion parameters do not vary
dramatically because of the similar propagation environments
in the conference room scenario. The office campus scenario
is wide open, and the internal environment varies, showing
different channel characteristics at different RX positions. The
scattering paths take longer to travel to the RXs, and they
tend to be weaker in power. The channels are relatively sparse
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TABLE III
PARAMETERS OF THE THREE EXAMPLE CHANNELS

Channel ‘ Ca ‘ Cp ‘ Cc
Distance (m) 8.3 8.3 5.1
Frequency (GHz) 3 375 | 375
Number of MPCs 24 8 7
Average Delay (ns) 343 | 30.1 18.9

RMS Delay Spread (ns) 8.6 6.6 8.3
Average AAoA (°) 485 | 542 0.6
RMS AAOA Spread (°) | 49.3 | 44.1 | 512

both in the time domain and the angle domain. For the LoS
channels, the RMS delay spread and RMS angular spread are
small, but the RMS delay spread is still larger than that in the
conference room scenarios. Owing to the blockage effect, the
degree of dispersion in both the time domain and the angle
domain also increases. For the channels measured along Route
2, the strong reflection paths from the backward glass curtain
wall result in a greater delay and angular spread.

However, channel parameters characterize the characteris-
tics of a particular channel rather than the connection between
two channels. On the one hand, these parameters only show the
frequency dependence of the propagation characteristics, and
we still cannot explore the detailed characteristics of the chan-
nels across different frequencies on the basis of these parame-
ters alone. On the other hand, channels in different propagation
environments may have similar channel parameters, and more
parameters are needed to characterize and distinguish them.
For example, the normalized power delay profiles (PDPs) and
power angle profiles (PAPs) of three simulated channels in the
conference room scenario are presented in Fig. 3, as are the
channel parameters listed in Table III. Co and Cg are simulated
channels obtained at the same RX location at 3 GHz and 37.5
GHz, respectively. The TX-RX distance is 8.3 m. Cc is another
mmWave channel simulated at a relatively close distance of 5.1
m. The MPCs of the mmWave channels are sparser than those
of the sub-6 GHz channel in both the time domain and the
spatial domain, with the number of MPCs being approximately
one-third of that of the sub-6 GHz channel, and there are fewer
MPCs in the clusters. However, the incoming directions of the
reflected rays are still abundant in the indoor scenario. Note
that Co and Cc have similar delay/angular spreads, but they
do have obvious differences. Thus, more parameters, such as
the average delay and average AoA, are needed for further
characterization. In a comparison between C5 and Cg, whose
propagation environments are exactly the same, almost all of
the rays in Cp can be found to have corresponding rays in
Ca, except they have a difference in the normalized power.
However, these channel parameters do not intuitively reflect
this similarity.

III. CHANNEL SIMILARITY ANALYSIS

Based on the analysis in subsection II-C, a single channel
parameter is not enough to represent a specific channel, let
alone reflect the connection between two channels. Therefore,
if one wants to use the known channel information to infer an

unknown channel, a novel measure is needed to associate these
two channels. In this section, a channel similarity index named
the CSIM is proposed according to the improved multipath
parameter distance. The similarity of any two channels in one
or more dimensions can be measured by a numerical value,
and the time/angular resolutions are also accounted for.

A. Channel Similarity Index Measure (CSIM)

The channel similarity can be decomposed into the similar-
ities of several MPC pairs, which are defined in terms of the
parameter distance in different dimensions. The CIR h(t) can
be represented as a multidimensional function of the channel
parameters, including the complex amplitude «, the delay T,
the AoA ®g (including the azimuth AoA ¢g and the elevation
AOA 0g), and the AoD P (including the azimuth AoD ¢
and the elevation AoD 6r):

L
h(t) = D aid(r — 7)5(Pr — Pr.i)I(Pr — 1), (1)

where L is the number of MPCs. These parameters set
each specific MPC apart from the others and eventually give
rise to a unique channel. The parametric multipath channel
can be represented by C = {©q,...,0.}, where ©; =
{a;, 75, Pr,i, @1} (1 < i < L and where 7 € Z) represents
the parameters of the ith MPC. Suppose that Cx and Cy
are two channels to be compared, with the detected MPCs
of Lx and Ly, respectively. ©;x and ©O;y represent the
parameter sets of the ith MPC in Cx and the jth MPC in Cy.
The multidimensional MPC parameter distance d(©; x,©, y)
can be synthesized as a Euclidean distance on the candidate
dimensions as follows:

d(©;x,0;y)

1
= \/N(daijQ+dTij2+d‘I)R,ij2+dq>T,ij2 + "')7 (2)

where N is the number of selected dimensions. The multidi-
mensional MPC parameter distance is extensible, and the can-
didate dimensions include, but are not limited to, the complex
amplitude, delay, AoA, and AoD dimensions, corresponding
to distances do,;, dr,;, dog ,; and do ;.

Before comparison, power normalization and a unified
coordinate system are required to exclude the system gain
and facilitate fair comparisons. To simplify the calculation, a
reasonable threshold should be set to extract only MPCs with
power levels greater than this threshold while ignoring small
signals. Then, the total power of all effective MPCs is normal-
ized to 0 dBm. An improved MCD is proposed to calculate
the multidimensional channel parameter distances. Coherence
parameter distances are introduced on the basis of the angular
resolution and the delay resolution of the communication
system, which also eliminate the dimensional differences in
different dimensions, scaling the distance measure to within
the range of 0 to 1. Specifically, the distances dq,;, d-,; and
Aoy, ., are defined as:

1
daij = 5 ||al - aj”z’ (3)
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Fig. 2. Measured (a) RMS delay spread and (b) RMS AAo0A spread in the conference room scenario and measured (c) RMS delay spread and (d) RMS

AAOA spread in the office campus scenario.

|75 —75] ~
d o %7 |Ti_Tj|ST7 (4)
Tij .
1, otherwise,
%7 AR(T) < min (gR(T)v 7T) 5
Adriry .y = min (g r),7) -
’ 1, otherwise,

®)
where || - ||2 represents the Euclidean norm and Agt) =

<<I>R(T),i, @R(T)7j> is the space angle formed by ®g(T); and
®R(T),;. T represents the least distinguishable delay, which is
related to the signal bandwidth, and is set to the average delay
resolution of the channels to be compared. Jg ) is the average
angular resolution on the RX/TX side, representing the least
distinguishable angle. Intuitively, under a unified coordinate
system, two MPCs are considered similar if the beams formed
by them overlap in the space-time range, and the degree of
similarity is linearly related to the parameter distance.

The smaller the value of d(©; x,©, y) is, the more similar
the two MPCs are. The value of d(©; x,0;v) is equal to
0 only if the two MPCs are exactly the same on the target
dimensions. Conversely, the MPC similarity is defined as:

sij =1 —-d(©;x,0;y) € [0,1]. (6)

According to the maximum s;;, the MPCs in Cx and Cy
are pairwise matched into Ly,a¢cn pairs, which form a set M.
Considering the contribution of the MPC power to the total
channel power, the channel similarity CSIM is finally derived
as the power-weighted average similarity, that is:

12 12
CSIM(Cx,Cy) = | Y %s] % 100%. (7)
i,jEM

B. Cross-Channel Similarity Assessment

Based on the proposed CSIM in subsection III-A, the
CSIMs between the example channels are summarized in Table

IV. The CSIM is site-specific since the frame of reference
is unified in all the comparisons. Channels under the same
propagation environment have strong similarity. The similarity
between Cp and Cp is more than 70% in any dimension, which
is significantly greater than the similarities of the channels
under different propagation environments. A comparison of
CSIM(Ca,Cp) and CSIM(Cp,Cc) reveals that the channel
difference caused by the location change is greater than that
caused by the frequency change. The differences between
the site-specific channel characteristics are caused mainly by
the propagation mechanism changing with increasing carrier
frequency, since the propagation environment is relatively
static. The frequency-dependent electrical parameters of the
scatterers affect the multipath powers, which further results
in a difference in the MPC distribution. The full-dimensional
CSIMs are generally smaller than the single-dimensional
CSIMs because the differences in more dimensions are taken
into account. Unlike the conventional channel parameters, the
proposed CSIM can effectively evaluate the degree of the
similarity between MPCs in various dimensions.

The reconstructed power spectra can be computed on the
basis of the discrete MPCs and with the antenna pattern
and system responses embedded [29], [32]. In Fig. 4, the
continuous power spectra filtered with standard beam patterns
of certain beam widths in different frequency bands are shown
in the time domain and the angular domain. Taking the angular
power spectrum as an example, an MPC with a larger beam
width will have an impact on a wider range of the power
spectrum. Ray #1 and Ray #2 are the direct path and the
primary reflection path of Cu, respectively, with their AAoA
values being 18.4° apart. These two MPCs do not interfere
with each other if the sub-6 GHz system has an angular
resolution of 10° because the two reconstructed beams are
separated, whereas the two beams overlap if the angular
resolution is 30°.

We assume that the bandwidth of the mmWave channels
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Fig. 3. Simulated PDPs and PAPs. (a) PDPs; (b) PAPs. Here, Co and Cp
are obtained from the same RX location in different frequency bands, and Cp
and C¢ are obtained from different RX locations at 37.5 GHz.

Bpur is 300 MHz, and that the angular resolution 5HF is
10° due to the generally greater bandwidth and better beam
pointing accuracy of mmWave systems, and those of the sub-
6 GHz channel are set to Brp=100 MHz and 91,r=30°. To
explore the effects of delay resolution and angular resolution
on channel similarity, CSIMs with different resolutions of the
sub-6 GHz system are also calculated for comparison. The
delay and AAoA dimensional similarity between Cx and Cp
are 85.8% and 87.2%, respectively, which are slightly greater
than those without considering delay or angular resolution.
With increasing delay resolution or angular resolution, the
similarity between the channels decreases. This is because in
the CSIM evaluation system, beam overlap is regarded as a
prerequisite for similarity between two MPCs. Consequently,
a higher resolution increases the requirements for channel
similarity.

IV. RESULTS AND DISCUSSION

Based on the large amount of multiband channel data
measured and simulated in the two typical environments, the
channel similarities across frequency bands or environments

------ 4 Simulated MPC @ CA
——PAP @ Ca (9=10°)

-5 PAP @ ¢, (9=30°) Ray #1
““““ 4 Simulated MPC @ ¢, 9
10 |——PAP @ ¢, (§=10°) A 8
» 23 A
Ray #2 N

30.5° ]

Normalized Power (dBm)
&

-25

-150  -100 -50 0 50 100 150
AAO0A (deg)

Fig. 4. Angular power spectra filtered with standard beam patterns.

TABLE IV
CSIM RESULTS FOR THE THREE SIMULATED CHANNELS

w/o considering w/ considering

CSIM (%) | delay/angular resolution | delay/angular resolution
Full | Delay | AAoA | Full | Delay | AAoA
Ca vs.Cp | 73.1 81.8 83.3 78.0 85.8 87.2
Ca vs.Cc | 13.6 29.3 29.3 16.3 36.2 34.6

Cp vs.Cc | 23.8 41.2 40.4 26.4 47.7 46.0

are presented, as are the influences of the blockage and polar-
ization configurations. Moreover, as an application example,
the feasibility of out-of-band information-assisted beam search
by using the CSIM as prior knowledge is also presented.

A. Frequency Similarity Analysis

The similarities of channels across multiple frequency bands
obtained at the same location are calculated, which provides a
comparison of the site-specific channel characteristics across
different frequencies. The complementary cumulative distri-
bution functions (CCDFs) of the CSIM are depicted in Fig.
5, and their statistics are provided in Table V. Figs. 5(a)
and 5(d) show the empirical CCDFs of the CSIM measured
in the conference room environment and the office campus
environment. Obviously, there is a clear distinction in the
similarities between cross-band channels. The similarities be-
tween mmWave channels and between sub-6 GHz channels
both tend to be high, up to an average of more than 90%.
The similarities between well-separated frequency bands seem
to be related to the frequency interval and the frequency
ratio between the mmWave bands and the sub-6 GHz bands;
however, the complexity of the propagation environment and
the characteristics of the scatterers are more important. In
general, the smaller the frequency span and the frequency ratio
are, the greater the similarity. A comparison of Fig. 5(a) and
Fig. 5(d) reveals that the cross-band similarities in the office
campus environment are slightly greater than those in the con-
ference room environment, and the corresponding similarities
between the mmWave channels and sub-6 GHz channels are
approximately 5% greater. According to the distributions of
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Fig. 5. Simulated and measured CCDFs of the CSIM across different frequency bands. (a) Measured and (b) simulated CSIMs in the conference room
scenario, and (c) linear fitting of the CSIM with frequency interval; (d) Measured and (e) simulated CSIMs in the office campus scenario, and (f) linear fitting

of the CSIM with frequency interval.

the measured MPCs, there are more strong reflection/scattering
MPCs in the indoor environment, whereas there is usually only
one direct path, and few reflection/scattering MPCs in the out-
door environment; thus, the indoor propagation environment
is more complex with more strong multipaths, weakening the
similarity between the channels.

The simulation results provide extensive channel data with
higher delay/angular resolution and include more candidate
dimensions. The CCDFs of the multidimensional CSIM are
shown in Figs. 5(b) and 5(e). The statistical distributions of
the simulated CSIMs are consistent with the trends of the
measured results. Since the MPCs are relatively sparse in the
angular domain in the office campus environment, the degrees
of channel similarity among all frequency bands are high, and
are greater than those in the conference room environment,
which is consistent with the previous conclusion. Figs. 5(c)
and 5(f) present the linear fitting of the mean CSIMs with
the frequency interval between the two frequency bands. As
the frequency interval increases, the mean CSIM decrease
with slopes of —0.65 and —0.55 in the conference room
environment and the office campus environment, respectively.
The simulation results have the same variation trend as the
measured results, with a slight overestimation of 1-2 percent-
age points.

Note that the simulated results are slightly larger than the
corresponding measured results; this is because of the changes
in the real measurement environment, and the differences
in the measurement system configuration, which weaken the

measured channel similarities. The different measurement
schemes applied for the mmWave channel measurements
and sub-6 GHz channel measurements inevitably affect the
extraction of effective paths. The interference signals that
often appear during the sub-6 GHz channel measurements are
an important cause of angle estimation deviation. There will
always be interference in a practical application environment,
especially in an outdoor environment. Nevertheless, the simu-
lation results match the actual channels well. In addition, when
attempting to use out-of-band angle information to assist in
beam search on the basis of channel similarity, a sufficient
error margin must be considered.

Furthermore, the channel similarity under different propa-
gation scenarios (i.e., the LoS, OLoS and NLoS scenarios) is
discussed based on the channel data from the office campus
environment. As shown in Fig. 6, the channel similarity
between any two frequency bands under the LoS scenario
is greater than that under the OLoS/NLoS scenario. When a
direct path is missing, the signals must penetrate or bypass
the scatterers in the environment or reflect off their surfaces
to reach the RX, resulting in lower received power levels.
The electromagnetic properties of the scatterers in different
frequency bands increase the uncertainty of the reflected rays,
and thus reduce the degree of channel similarity. The similarity
gain increases with increasing frequency difference. For the
sub-6 GHz channels, the statistical results for the channel
similarity under the OLoS and NLoS scenarios are almost the
same because of the strong penetration and diffraction capa-
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TABLE V
CSIM STATISTICS ACROSS MULTIPLE FREQUENCIES

Conference Room Office Campus
Freq. (GHz) meas. simu. meas. simu. simu. (LoS) | simu. (OLoS) | simu. (NLoS)
mean std mean | std | mean | std | mean | std | mean | std | mean std mean std
3vs5 93.1 3.0 939 | 2.3 949 | 23 | 98.1 1.2 | 99.1 09 | 98.1 1.3 97.7 1.1
3 vs 28 81.1 7.6 822 | 5.7 834 | 79 | 853 69 | 90.8 3.1 87.0 4.6 78.4 7.6
3 vs 37.5 70.6 122 | 73.0 | 79 | 773 | 7.5 80.2 8.1 88.9 | 4.1 81.1 54 72.7 8.9
5 vs 28 83.6 6.9 834 | 6.8 853 | 6.2 | 875 57 | 908 | 2.9 89.1 3.6 81.7 6.5
5vs 37.5 74.8 94 75.2 8.1 785 | 79 | 819 | 7.2 | 885 | 4.1 82.6 5.1 75.9 8.1
28 vs 37.5 91.2 2.7 923 | 40 | 922 | 3.6 | 933 | 44 | 962 | 3.7 | 944 4.5 92.2 4.0
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Fig. 6. CCDFs of the AAoA-dimensional CSIM across multiple frequency
bands under different propagation scenarios. The three colors blue, yellow,
and green represent three groups of frequency band pairs to be compared,
i.e., 3 GHz vs. 5 GHz, 3 GHz vs. 37.5 GHz and 28 GHz vs. 37.5 GHz,
respectively, while the solid lines, dashed lines, and dotted lines represent the
LoS, OLoS, and NLoS scenarios, respectively.

bilities of the sub-6 GHz signals. As the frequency increases,
the penetration and diffraction of the signals decrease. When
two frequency bands differ greatly, such as the 3 GHz and
37.5 GHz, the direct path has a significant influence on the
channel similarity. Compared with the LoS cases, the average
channel similarities under the OLoS and NLoS scenarios are
decreased by 7.8 and 16.2 percentage points, respectively. For
two mmWave bands under LoS scenarios, there are several
cases with only one direct path, showing a similarity of 100%.

The K factor is the ratio of the power of the direct ray to the
sum power of other reflection paths, reflecting the complexity
of signal propagation in the channel. In the conference room
environment, the mean K factors are -0.4 dB, -0.6 dB, 3.7 dB,
and 5.8 dB in the four frequency bands, which are lower than
those in the office campus environment, where the mean K
factors are greater than 6 dB. The abundance of multipaths
in the conference room leads to a complex communication
environment. Empirically, the CSIM is negatively correlated
with the complexity of the propagation environment. The more
complex the propagation environment is, that is, the smaller
the K factor is, the lower the site-specific frequency similarity
tends to be.

CSIM (%)

Fig. 7. Simulated CCDFs of the CSIM across different polarizations. The
four colors blue, red, yellow, and green represent four frequency bands, i.e.,
3 GHz, 5 GHz, 28 GHz, and 37.5 GHz, respectively, whereas the solid
lines and dashed lines represent the conference room and the office campus
environments, respectively.
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Fig. 8. Simulated CCDFs of the CSIM across different environments.

B. Polarization Similarity Analysis

The channels obtained under different TX-RX antenna
polarization configurations are combined to calculate the po-
larization similarity. The simulated CCDFs of the similarities
between the two polarizations are shown in Fig. 7. The
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Fig. 9. Measurement-based analysis of AAoA-dimensional channel similarity between 5 and 37.5 GHz, where the hollow and solid stars represent the optimal
beam directions for sub-6 GHz and mmWave channels in the same RX location, respectively. (a) Successful case in the office campus environment; (b)
Non-successful case in the conference room environment; (c) Non-successful case in the office campus environment.

similarity between channels with different polarizations is rel-
atively weak. The simulation results reveal that the maximum
polarization similarity is less than 80%, and with increasing
frequency, the polarization similarity weakens in both the con-
ference room and the office campus environments. There is a
significant gap of more than 10 percentage points between the
polarization similarity of the mmwave channels and that of the
sub-6 GHz channels. In addition, the polarization similarities
of all four frequency bands in the indoor scenario are greater
than those of the corresponding bands in the outdoor scenario;
this is mainly because in the indoor environment, especially
at lower frequencies, the abundant multipaths have more
opportunities to interact with the scatterers in the propagation
environment, which increases the possibility of polarization
torsion, and then increases the similarity between the two
orthogonal polarizations.

C. Environment Similarity Analysis

Fig. 8 shows the CCDFs of the similarities between two
propagation environments based on the channel characteristics.
Before calculation, all the channels are aligned based on the
strongest path so that the differences in propagation delay
due to the relative locations of the transceivers are excluded.
Obviously, the similarities between the mmWave channels are
less than those between the sub-6 GHz channels. An increase
in the carrier frequency weakens the channel similarity. This
is due to the multipath sparsity of the mmWave channels,
highlighting the importance of the direct path (the strongest
path), which can also be explained by the K factor. In higher
frequency bands, especially in LoS scenarios, the mismatch of
direct paths leads to a sharp decline in the similarity of the
two channels, that is, the two channels tend to be orthogonal.
The large variances of CSIMs indicate that the mmWave
channels are easily affected by the propagation environment
and the transceiver locations. The channel similarities obtained
at different RX positions are quite different even in the same
scenario. However, in the sub-6 GHz bands, the abundant
multipath extends the incoming wave direction, which makes
the channels have a higher correlation in the spatial domain.
In other words, the channel similarity between the two prop-
agation environments is weak at less than 50%. The large

differences indicate that signal processing algorithms, such as
the beam-searching strategy, need to be designed separately
with respect to their environmental characteristics.

D. Feasibility of Out-of-Band Information-Assisted Beam
Search

A relationship is established between the proposed CSIM
and the beam direction differences across multiple frequency
bands to explore the feasibility of out-of-band information-
assisted beam search. The sub-6 GHz/mmWave band combi-
nations of 5/37.5 GHz are used for the analysis. The measured
discrete MPCs are filtered by the ideal 3GPP beam patterns
with different HPBWs according to the carrier frequency.
The beam widths are set to 30° and 10°, respectively. If
the difference between the optimal beam directions of the
two frequency bands is less than 1., the spatial information
provided by the out-of-band channel is considered beneficial
to the beam search at the target frequency band. In other
words, only the £+, range centered on the optimal beam
direction of the out-of-band channel needs to be searched to
obtain the optimal direction of the target band channel, which
greatly reduces the beam training overhead. Fig. 9(a) shows an
example in the office campus environment. The optimal beam
directions at 5 GHz and 37.5 GHz match well with the 0.2°
direction difference, and the corresponding CSIM is 85.4%.

However, the sub-6 GHz channels may provide inaccurate
or even incorrect spatial information in some cases. As shown
in Figs. 9(b) and 9(c), the AAoA-dimensional CSIMs between
the sub-6 GHz channel and the mmWave channel is 77.2%.
There are two main reasons for the difference in beam di-
rection. One is the different angular resolutions of the sub-6
GHz/mmWave systems. This type of angle mismatch is more
common in indoor environments when the RX is close to
the reflector, where two MPCs reach the RX with an angle
difference approximately equal to the beam width. As shown
in Fig. 9(b), the optimal beam directions formed by two MPCs
with similar powers after beam filtering can be obviously
distinguished, with a difference of 20.2° slightly greater than
;. Fortunately, the two channels remain highly similar under
this condition, and the optimal direction can be obtained with
a small extension of the search range. The other type of angle
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36 Fig. 10. Linear fittings of the beam direction difference vs CSIM between
37 5 and 37.5 GHz in (a) the conference room and (b) the office campus
environment, where the black crosses and gray dots represent cases including
38 simulated and measured results, the shaded area contains 95% of the cases,
39 and the red line is a linear fit for all the cases.
40
2; mismatch often occurs at low signal-to-noise ratio (SNR) RX
43 locations where the forward link is blocked. The channels
42 shown in Fig. 9(c) were measured on Route I in the office
45 campus environment, and the direct path was obstructed by
46 dense foliage. The sub-6 GHz signals can still pass through
47 the foliage to reach the RX. However, with increasing carrier
frequency, vegetation attenuation becomes increasingly severe,
48 q Y, veg gly
49 resulting in the signal strength of the forward link being lower
50 than that of the backward link from the glass curtain wall.
51 The channel similarity is greatly weakened, and the large
difference in the beam direction results in the sub-6 GHz
52
=3 spatial information not contributing to the mmWave beam
=2 search, which is the worst-case.
55 By traversing all channel combinations at 5 GHz and 37.5
56 GHz in both environments, the relationships between the beam
57 direction differences and the CSIM are shown in Fig. 10. A
58 reasonable beam search range threshold is provided to balance
59 the beam search overhead and minimize the worst cases like
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Fig. 11. Simulated CCDFs of the CSIM across 5 GHz and 37.5 GHz channels
under different beamwidths of the sub-6 GHz channel, where the beam width
of the HF channel is 10°.

Fig. 9(c). The success rate of the out-of-band information-
assisted beam search is environmentally dependent. In the
indoor conference room, the mean and variance of the beam
direction difference decrease with increasing CSIM; that is,
the higher the channel frequency similarity is, the smaller the
beam range to be searched to find the optimal beam direction.
When the CSIMs are maintained above approximately 86%,
out-of-band information-assisted beam search can be effec-
tively applied at almost all the RX locations, with the optimal
beam direction obtained in the 1 x ¢, range. However, in the
outdoor environment, the CSIMs in the LoS and OLoS/NLoS
scenarios have different characteristics, as shown in Fig. 10(b).
For the LoS scenarios, the beam pointing difference has an
obvious linear relationship with the CSIM; this is because the
strength of the direct path is much greater than that of the
reflected paths in an open environment with no occlusion, and
the multiple paths are sparse, resulting in the difference in the
direct path determining the CSIM to a large extent. However,
when the direct path is attenuated by foliage or completely
blocked by buildings, many multipath scattering components
with similar strengths easily lead to angle mismatches. Thus,
compared with the indoor propagation environment, channel
pairs with the same CSIM often need a larger search interval
in the outdoor environment to successfully align the beam.
Based on above conclusions, and the statistical results of the
simulated and measured CSIMs in subsection IV-A, the sub-6
GHz spatial information is useful for mmWave beam training.

In addition, both the CSIM and beam direction are affected
by the beam width of the communication system. Fig. 11
shows the simulated CCDFs of the CSIM across the 5 GHz
and 37.5 GHz channels under different beam widths (i.e., 10°,
20°, 30°, 40°, 50°, and 60°) of the sub-6 GHz channel, where
the beam width of the mmWave channel is 10°. As mentioned
above, the narrower the beam width is, the more stringent the
similarity conditions for a pair of MPCs since their beams
need to be aligned enough to overlap. The effect of the beam
width on the channels in the indoor environment is greater
than that in the outdoor environment, which is also related to
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the channel sparsity in the outdoor environment. The wider the
sub-6 GHz channel beam width is, the larger the CSIM that
can be derived, thus increasing the success rate of searching
for the mmWave optimal beam direction within ,.; however,
the low resolution means that the less information provided
by the sub-6 GHz channel, the larger the search range needed
for beam alignment.

V. CONCLUSION

In this paper, a multidimensional CSIM based on structural
multipath information has been proposed for the universal
evaluation of channel similarities. By accounting for the phys-
ical characteristics of the channels, the proposed CSIM pro-
vides a clear quantitative evaluation in one or more dimensions
rather than a vague visual judgment. Simulated and measured
channel data from two typical environments (a conference
room environment and an office campus environment) in four
frequency bands are used to analyze and verify the perfor-
mance of the proposed CSIM. The statistical distributions
of the CSIM were investigated to explore the similarities
across different frequency bands in different environments.
The results show that cross-band similarity is related mainly
to the frequency interval and environment complexity. In
general, large frequency intervals and rich multipaths weaken
the channel similarity. In addition, the feasibility of out-
of-band information-assisted beam search on the basis of
cross-band CSIM is preliminarily investigated. The out-of-
band information helps reduce the beam training overhead
to some extent, but it is more critical to update the search
strategy according to the environmental characteristics. The
low similarity between these two environments also illustrates
that signal processing algorithms cannot be blindly applied
from another unrelated environment.

For future work, using channel similarity is expected to
significantly reduce the computational overhead of beam
searching. On the one hand, the channel similarity index can be
improved by considering more dimensions, such as Doppler,
as well as the actual antenna array patterns for dynamic
multidimensional channel similarity measures. More statistical
performance analyses across multiple frequency bands and
multiple environments based on extensive field measurements
need to be performed to provide prior knowledge for the
creation of highly efficient beam management strategies. On
the other hand, developing a portable and highly efficient
beam management strategy by fully exploring and utilizing
the correlation between propagation environments is also of
interest.
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Response to Comments for AP2310-2417
Reply to the Comments of Track Editor:

Based on the criticsm made by the reviewers and the AE, the paper is not suitable for publication.
Re:

We have revised our manuscript according to the valuable suggestions and comments.
Reply to the Comments of the Associate Editor:

Please use appropriate frequency band classification as it is misleading using LF and HF to refer to the bands used in
the paper.
Re:

Thanks for your valuable suggestions. In the revised version of this manuscript, we use sub-6 GHz bands and
millimeter wave bands instead of the ambiguous LF and HF for explicit expression and indicate the specific frequency
in each special case.

Reply to the Comments of Reviewer #1.:

General comments:

The paper aims to propose a new measure for multi-band channel modeling, which is an interesting and well-motivated
topic. In general, the authors properly present their work, which results in a solid work. However, there are some
comments from the review in terms of motivation, modeling, simulation, and analysis, which are as follows.

Re:

We thank you for your advice on our work. The following are our responses to your suggestions and comments.

Specific comments:

1. The motivation is unclear, and the research problems are not well formulated. First of all, the core problem in
wireless channel modeling is to characterize and model the channels in terms of frequency and scenario, thus, the
real research problems for multi-band systems are not well formulated. Then, mainly, what is the limitation of the
current measures?

Re:

We reorganized the motivation in the revised manuscript. First, to pursue faster communication rates and lower
communication delay, multiband communication systems by combining the capabilities of high-frequency and low-
frequency systems show great promise for achieving both breadth and depth of coverage compared with traditional
single-frequency systems. The multiband channel information needs to be fully utilized to give full play to the
advantages of the multiband wireless communication system. Therefore, an evaluation index is needed to establish the
connection between the channels of different frequency bands, to evaluate the degree of similarity between the two
channels, so as to determine how much channel information is common. On the other hand, the information
transmission scheme designed based on channel similarity can effectively reduce the channel estimation cost and
improve the channel capacity. This similarity index can provide a reference for this transmission scheme, that is, to
what similarity degree the two channels reach, this transmission scheme can operate stably.
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Then, several existing measures are also cited. Channel parameters, such as rms delay spread and rms angle spread,
represent the characteristics of a particular channel in a particular dimension, but can not directly establish the
connection between the two channels. The correlation coefficient is only evaluated from a mathematical perspective,
which is easily affected by noise and cannot be measured comprehensively across multiple dimensions. The multipath
component distance (MCD) is used to measure the distance between two multipaths. However it does not unify the
dimensions in the multiple dimensions, and it needs to be further extended to measure the similarity. Other measures,
such as time domain channel similarity index measure, can only be used for similarity assessment in a certain dimension.

2. As the authors mentioned, several existing similarity indexes can be used for time or angular domain. In fact, the
amplitude is also included. Moreover, cannot these methods be extended to other domains?

Re:

Existing similarity indexes, such as correlation coefficient, SIM [Yi2021] and spatial channel similarity
metrics[Kyosti2023], are described based on the power spectrum, which becomes unintuitive when extended to high
dimensions, and will be affected by the noise and the RF front-end performance. Also, there is a lack of a unified metric
to balance the importance between the different dimensions. Actually, the measure we propose in this manuscript are
extended from the MCD. On the one hand, coherence parameter distances are introduced based on the angular
resolution and the delay resolution of the communication system, which also eliminates the dimensional differences in
different dimensions, scaling the distance measure to within the range of 0 to 1. The multidimensional MPC parameter
distance is extensible and the candidate dimensions include but are not limited to the complex amplitude, delay, AoA
and AoD dimensions. On the other hand, the distances of the subpaths are combined to derive the similarity of the
entire channels.

[Yi2021] C. Yi, P. Zhang, H. Wang, and W. Hong, ‘“Multipath similarity index measure across multiple frequency bands,”
1IEEE Wirel. Commun. Lett., vol. 10, no. 8, pp. 1677-1681, 2021.

[Kyosti2023] P. Kyosti, P. Zhang, A. Parssinen, K. Haneda, P. Koivumaki, and W. Fan, “On the feasibility of out-of-
band spatial channel information for millimeter-wave beam search,” IEEE Trans. Antennas Propag., vol. 71, no. 5,
pp. 4433-4443, 2023.

3. The authors used HF and LF which actually are dedicated to cellular systems, which should be clarified.
Re:

In this work, we mainly investigate the channel similarities across the band of sub-6 GHz and the millimeter wave,
so we use the sub-6 GHz frequency band and millimeter wave frequency band instead of the ambiguous LF and HF
for explicit expression in the revised version of this manuscript.

4. The statement that the losses caused by reflection or other MPCs weaken the correlation needs to be reconsidered.
Not only the loss but also many factors can influence the correlation. Here is just an example, please check the
writing.

Re:

Thank you for your advice on our work. We have checked the whole manuscript and corrected these similar errors.

5. For the writing, there are too many uncertain tones, such as to a certain extent, somewhat, please avoid them and
make sure what you stated is well verified.

Re:

Thank you for your careful reading. We improve our proposed similarity index and add extensive measurement
and simulation results for verification. In addition, we have improved our writing in the revised version and avoid these
uncertain tones.
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It is known that ray-tracing simulation can tune the propagation mechanism, where the authors should mention
what kind of propagation they simulated. According to the observation from the authors, C_A containing C_B, is
not supersizing when you use ray-tracing, where everything is deterministic. Also, what obtained channel
parameters as well as simulation parameters should be mentioned.

The commercial ray tracing-based simulator Wireless InSite was applied to obtain the CIRs in multiple frequency
bands. All simulation configurations are consistent with the measurement settings. The dimensions of the scenarios
and the placement of the scatterers were recreated as much as possible in the simulator. The antennas used in the
simulations are horn/dipole antennas with the same HPBWs as the measurement antennas used in the corresponding
frequency band. The material properties, including relative permittivity and conductivity, were updated with the carrier
frequency following the ITU recommendations. Based on previous research on the simulation depth, the orders of three
propagation mechanisms, i.e., reflection, transmission, and diffraction, were set to [6, 2, 2] for a trade-off between the
accuracy of the simulation results and the time consumption. The detailed simulation configurations are listed in Table
Il and the channel parameters of Ca, Cg and Cc are provided in Table Il1.

Table 1l Multifrequency channel simulation configurations

Parameter

Value

Carrier Frequency (GHz)

3,5,28,375

Bandwidth (MHz)

100, 300, 1000

Angular resolution (deg)

1, 10, 20, 30, 40, 50, 60

Polarization Co- and cross-polarization
Reflection order 6
Transmission order 2
Diffraction order 2

Table I11 Parameter of the three example channels

Channel Ca Cs Cc
Distance (m) 8.3 8.3 51
Frequency (GHz) 3 37.5 375
Number of MPCs 24 8 7
Average Delay (ns) 34.3 30.1 18.9
RMS Delay Spread (ns) 8.6 6.6 8.3
Average AAOA (deg) 48.5 54.2 0.6
RMS AAO0A Spread (deg) 49.3 44.1 51.2

7. The angular resolution of 10 degrees is a bit too large, the authors can consider using a higher resolution in ray-

Re:

tracing simulations, to compensate for it.

Thank you for your advice and we have considered a higher delay/angular resolution in the ray-tracing simulation.
The angular resolution of the measured channel is only 10 degrees due to the performance limitations of the test system.
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First, we compare the test and simulation channel at this resolution, and make the simulation results consistent with
the test results by adjusting the simulation configuration parameters, such as the dielectric constant, conductivity and
reflection order of the material, that is, the simulation channel can simulate the real channel under this condition. Then
we improve the resolution of the simulation channel and study the change of channel similarity under different
resolution. In addition, we added more comparison of simulation frequency and polarization.

8. Can the authors explain more about the maximum operation of \beta i and \gamma_i? It is a bit difficult to
understand now. How to determine the importance of weights?

Re:

We have improved our proposed similarity index and simplified the calculation steps. In the improved index system,
some intermediate parameters and the subjective weight parameters are removed to derive a more objective and concise
index. The previous maximum operation is replaced by pairwise pairing of the most similar subpaths within the two
channels. In addition, the weights is set to equal if there is no special explanation.

9. The authors stated they use structural multipath information, actually, only delay and AAOA are used, in this way,
the authors are suggested to compare to existing benchmark measures, such as MCD. Moreover, for MCD, it is
also feasible to jointly consider delay and angular information, please double-check it.

Re:

Actually, the measure we propose in this manuscript are extended from the MCD. However, the existing MCD
does not unify the measurement in each dimension. It only represents the distance between the subpaths and not the
similarity between channels. The multipath parameter distance in this paper is inspired by MCD. On the one hand,
coherence parameter distances are introduced based on the angular resolution and the delay resolution of the
communication system, which also eliminates the dimensional differences in different dimensions, scaling the distance
measure to within the range of 0 to 1. On the other hand, the distances of the subpaths are combined to derive the
similarity of the two channels. The multidimensional MPC parameter distance is extensible and the candidate
dimensions include but are not limited to the complex amplitude, delay, AoA, and AoD dimensions.

10. It is found that most values of CSIM are larger than 50%, which is because the authors compare the channels in
the same environment. For more validation of efficiency, the authors can also compare different channel states in
the same frequency.

Re:

Thank you for your advice on our work. The channels obtained in the different propagation environments are
compared in subsection I11-B. Ca and Cg are simulated channels obtained at the same RX location at 3 GHz and 37.5
GHz, respectively. The TX-RX distance is 8.3 m. Cc is another mmWave channel simulated at a relatively close
distance of 5.1m. A comparison of CSIM(Ca, Cg) and CSIM(Cg, Cc) reveals that the channel difference caused by the
location change is greater than that caused by the frequency change. Moreover, the environmental similarity is also
analyzed in subsection 1V-C.

11. The relationship between K factor and CSIM is not clear enough, it is better to illustrate its empirical relation by
using figures.

Re:

We have added more descriptions about the relationship between the K factor and CSIM. The K factor is the ratio
of the power of the direct ray (or for simplicity, the strongest ray) to the sum power of other reflection paths, reflecting
the complexity of signal propagation in the channel. However, since the K factor, like other channel parameters,
represents the characteristics of a specific channel, rather than the correlation between the two channels, the K factor
measured at a certain frequency band cannot be directly associated with the CSIM. In the conference room environment,
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the mean K factors are -0.4 dB, -0.6 dB, 3.7 dB, and 5.8 dB in the four frequency bands, less than those in the office
campus environment, where the mean K-factors are greater than 6 dB. In other words, in each frequency band, the K
factors in the conference room are greater than those in the office campus. The abundance of multipath in the conference
room leads to a complex communication environment, and consequently, the site-specific frequency similarities are
weaker, which are consistent with the results in subsection IV-A.

Moreover, we try to describe the relationship between the average K factor between the two frequency bands and
their CSIM, as shown in Fig. R1. The x-coordinate represents the average K factor of all channels in the two frequency
bands in the LoS/OL0S/NLoS scenario. For a given frequency pair, the statistical mean of the CSIM increases with the
average K factor. For NLoS scenarios, the direct path is severely blocked and the multipath effect is obvious, which
weakens the channel similarity. However, in the LoS scenarios, the K factor is usually large, and the channel similarities
remain at a high level.

100
OLoS Los
NLoS
95 LoS
OLoS
90 | NLoS
= Los
= 85
w
[&]
80 OLoS
751 =3 GHz vs 5 GHz
3 GHz vs 37.5 GHz
NLoS 28 GHz vs 37.5 GHz
701 L L - J
5 10 15 20 25

average of the K-factor
Fig. R1 Comparison of the average of the K-factor with the CSIM.

12. For the optimal beam shown in Fig. 6, does it correspond to the LoS case? For NLoS and OL0S, how to determine
the optimal direction, because the peak does not mean the optimal transmission direction, right? It may be a strong
reflection that we should avoid.

Re:

The low-resolution angle information provided by the low-frequency wide beam communication system is used to
assist the narrow beam selection of the millimeter wave system, to reduce the beam searching cost and improve the
communication capacity, which is an important requirement for us to utilize the similarity between different frequency
bands.

We present three typical cases of optimal beam selection, including successful cases and two unsuccessful cases.
For LoS scenarios, due to the strong similarity between the millimeter wave channels and the low-frequency channels,
their strongest beam pointing is consistent, and we can easily find the best beam pointing with little computational
overhead. The other two are typical unsuccessful cases. For the case in Fig. R2(b), the optimal beam direction has
shifted due to the inconsistent angular resolution of the two communication systems. In this case, we only need to
slightly increase the narrow beam search range of the millimeter wave system to find the best beam direction, that is
to say, the spatial information provided by the low-frequency channel is still helpful for the beam selection. For the
case in Fig. R2(c), which mainly happens in the NLoS or OL0S scenarios, the best beam provided by the low-frequency
channel is precisely the strong reflection that needs to be avoided. This is the worst-case scenario, where the out-of-
band information provides little or no effective help in beam selection.

We calculated the relationship between the beam search success rate and CSIM in Fig. R3. A reasonable beam
search range threshold is provided to balance the beam search overhead and minimize the worst cases like Fig. R2(c).
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16 Fig. R2. Measurement-based analysis of AA0A dimensional channel similarity between 5 and 37.5 GHz, where
17 the hollow and solid stars represent the optimal beam directions for sub-6 GHz and mmWave channels in the same
18 RX location, respectively. (a) Successful case in the office campus environment; (b) Nonsuccessful case in the
19 conference room environment; (c) Nonsuccessful case in the office campus environment.

o

22 x Al cases " -7 .. 7[ - oLoS&NLoS cases
Linear fitting : x  LoS cases
Boundary of cover 95% cases Linear fitting
Boundary of cover 95% cases

N
w
x

Beam direction difference (/ 9)

N
N
g‘ﬁ)
Zo
x
~ Lo

N
oo
Beam direction difference

S
T
(=2

Cover 95% cases ) vae_r 95% cases |

w
o

w

._.
2w

34 40 50 60 70 80 90 100 40 50 60 70 80 920 100
CSIM (%) CSIM (%)
(a) (b)
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39 room and (b) the office campus environment, where the black crosses and gray dots represent cases including
40 simulated and measured results, the shaded area contains 95% of cases, and the red line is a linear fit for all cases.

13. When the authors consider a fixed angular resolution, the values of AAoA should be discrete? How to obtain
44 continuous values should be clarified. The authors can explain more for the almost same results at 3 and 5 GHz in

45 Fig. 9.
Re:

48 Due to the limitations of the hardware configuration and the measurement cost, the angular resolution is
discretized to 10 degrees. To obtain continuous accurate angle information, there are two main schemes. One is to
51 improve the spatial resolution of the channel sounder, such as rotating smaller angular intervals to collect channel data.
52 In addition, super-resolution parameter estimation algorithms, such as SAGE, are used to estimate accurate angle
53 information. However, this method will inevitably increase the measurement cost and parameter estimation complexity
greatly. The second solution is to use simulation to compensate for the lack of the resolution in the measurement. The
commercial ray tracing-based simulator Wireless InSite was applied in this paper to obtain the CIRs in multiple
57 frequency bands. All simulation configurations are consistent with the measurement settings. The dimensions of the
58 scenarios and the placement of the scatterers were recreated as much as possible in the simulator. In addition, the
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machine learning-assisted calibration method was introduced to further fine-tune the simulation parameters to make
the simulation channels more consistent with the measured channels.

Fig. R4 shows the CCDFs of the similarities between two propagation environments based on the channel
characteristics. We not only improve our proposed index but also preprocess the channel data before calculation. All
the channels are aligned based on the strongest path so that the differences in propagation delay due to the relative
locations of the transceivers are excluded. Moreover, more sample combinations are added to the calculation to ensure
that the results traverse all cases. We have added more descriptions of the results. “Obviously, the similarities between
the mmWave channels are less than those between the sub-6 GHz channels. An increase in the carrier frequency
weakens the channel similarity. This is due to the multipath sparsity of the mmWave channels, highlighting the
importance of the direct path (the strongest path), which can also be explained by the K factor. In higher frequency
bands, especially in LoS scenarios, the mismatch of direct paths leads to a sharp decline in the similarity of the two
channels, that is, the two channels tend to be orthogonal. The large variances of CSIMs indicate that the mmWave
channels are easily affected by the propagation environment and the transceiver locations. The channel similarities
obtained at different RX positions are quite different even in the same scenario. However, in the sub-6 GHz bands, the
abundant multipath extends the incoming wave direction, which makes the channels have a higher correlation in the
spatial domain. In other words, the channel similarity between the two propagation environments is weak at less than
50%.”

CSIM (%)

Fig. R4. Simulated CCDFs of the CSIM across different environments.

Reply to the Comments of Reviewer #2:

Comments:

1. The comparison between frequency bands should be performed in similar conditions of bandwidth and polarization.
it is not understandable to me the use of horizontally polarized configuration during the mmWave channel
measurements. The bandwidth used in the sounder should also would be similar or proportional to the frequency
band. So, for lower frequencies, according to the bandwidth required to detect the multipath contributions, I would
expect a bandwidth larger than 100 MHz.

Re:

Thanks for your comment. First, unfortunately, there is no bandwidth of more than 100 MHz available to us for
the channel measurements. In the actual measurement environment, there are always interference signals in the low-
frequency bands, including the cellular signals, the WiFi signals, or other experimental signals, so we need to find a
clean spectrum near the target frequency band, which is often less than 100 MHz.
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Second, we performed the comparison in the conditions of the same bandwidth. Due to the limitation of the actual
bandwidth of the low-frequency channels, we extract the high-frequency signals to the uniform bandwidth of 100 MHz.
This method ensures a fair comparison, but it also inevitably compromises the resolution in the multipath detection.
On the one hand, the super-resolution parameter estimation algorithms, such as SAGE, were used to extract the
effective paths; On the other hand, we set different and higher resolutions through ray tracing simulation to compensate
for the limitation of the measured data. We also compare the distribution of the channel similarity under different
resolutions.

Then, we performed the comparison in the conditions of the same polarization. The reason for using the horizontal
polarization configuration in the millimeter wave measurements is that the pattern of the millimeter wave antenna is
irregular. The H-plane beam width is more than 90 degrees, and more than that in the E-plane. When the TX antenna
is placed horizontally polarized, the beam has a wider coverage on the horizontal plane and its coverage is comparable
to that of the dipole antenna used for low-frequency measurement. Note that during the millimeter wave channel
measurements, the RX antenna is also placed with horizontal polarization. Therefore, the measured channels are all
co-polarized channels, which is consistent with the low-frequency measurement polarization configuration. In addition,
we supplement the simulation of two polarized channels. The results show that the channel obtained is almost the same
regardless of the polarization of the TX antenna, as long as the polarization configuration of the TX and RX antennas
are the same.

2. Please, verify that with the sounder resolutions you can detect correctly both the LoS and the multipath
contributions.

Re:

First, the channel measurements were conducted in multiple frequency bands by changing the corresponding radio
frequency (RF) device using a commercial off-the-shelf (COTS) instrument-based flexible channel sounder. The details
on the channel sounder can be found in [Li2019], [Zhang2021]. At the TX side, a high-performance vector signal
generator (R&S SMW200A) is used to continuously transmit a binary periodic complementary Golay pair of length
4096. Compared with the widely used pseudonoise (PN) sequence, this Golay pair exhibits perfect complementary
auto-correlation properties with more than 3 dB gain. At the RX side, a vector signal analyzer (R&S FSW50) is utilized
for raw data acquisition. In addition, power amplifiers and low-noise amplifiers for all concerned bands are employed
to extend the dynamic range of the channel sounder. During the measurements, two separate Rubidium (Rb) standard
references are used at TX and RX for frequency synchronization with 10 MHz reference sources, as well as triggering
data reception with 1 pulse per second (1PPS) signals. The calibration measurements connect transceiver RF front ends
to calculate the system impulse responses, which have the advantage of minimizing the impact of the channel sounder
on PDP analysis.

Then, the peak detection algorithm is used to estimate MPCs [Zhang2021], [Zhang2019]. A sliding window with
a specific duration (usually 30 ns) is designed to compute the ratio of effective multipath components to all received
paths from the end of PDP above the detection threshold. Moreover, the super-resolution parameter estimation
algorithms, such as SAGE, were used to extract the effective paths.

Finally, ray tracing simulation was used to compensate for the lack of the high resolution in the measurement.
The commercial ray tracing-based simulator Wireless InSite was applied in this paper to obtain the CIRs in multiple
frequency bands. All simulation configurations are consistent with the measurement settings. The dimensions of the
scenarios and the placement of the scatterers were recreated as much as possible in the simulator. In addition, the
machine learning-assisted calibration method was introduced to further fine-tune the simulation parameters to make
the simulation channels more consistent with the measured channels [Yi2024].

[Li2019] J. Li, P. Zhang, H. Wang, C. Yu, and W. Hong, “High-efficiency millimeter-wave wideband channel
measurement system,” in Proc. Eur. Conf. Antennas Propag. (EuCAP), Krakow, Poland, Apr. 2019, pp. 1-5.

http://mc.manuscriptcentral.com/tap-ieee



oNOYTULT D WN =

IEEE Transactions on Antennas & Propagation

[Zhang2021] P. Zhang, H. Wang, and W. Hong, “Radio propagation measurements and cluster-based analysis for 5G
millimeter-wave cellular systems in dense urban environments,” Front. Inf. Technol. Electron. Eng., vol. 22, pp. 1—
16, July 2021.

[Zhang2020] P. Zhang, B. Yang, C. Yi, H. Wang, and X. You, “Measurement-based 5G millimeter-wave propagation
characterization in vegetated suburban macrocell environments,” IEEE Trans. Antennas Propag., vol. 68, no. 7, pp.
5556-5567, 2020.

[Zhang2019] P. Zhang, J. Li, H. Wang and X. You, "Millimeter-Wave Space-Time Propagation Characteristics in Urban
Macrocell Scenarios," in Proc. ICC 2019 - 2019 IEEE International Conf. Commun. (ICC), Shanghai, China, 2019,
pp. 1-6, doi: 10.1109/ICC.2019.8761087.

[Yi2024] C. Yi, W. Chen, Q. Wu and H. Wang, "Machine Learning-Assisted Calibration for Ray-Tracing Channel
Simulation at Centimeter-Wave and Millimeter-Wave Bands," IEEE Antennas Wireless Propag. Lett., vol. 23, no.
5, pp. 1623-1627, May 2024, doi: 10.1109/LAWP.2024.3364243.

3. Also ellaborate on the polarization configurations and how the channels can be comparable even with different
polarization configurations.

Re:

In the low-frequency channel measurements, the TX and RX antennas are vertically polarized, while in the
millimeter wave channel measurements, the TX and RX antennas are horizontally polarized for wider coverage.
Therefore, all the measured channels are co-polarized channels. In the channel simulation, to investigate the channel
characteristics under different polarization conditions, we supplement the channel simulation under two polarization
configurations, namely co-polarization and cross-polarization.

For the investigation of the channel frequency similarity, only the co-polarized channel data is used. For the
comparison of cross-polarized channel similarity, we put these two polarized channels together and compare the
parameters of the corresponding multipaths, mainly the amplitude, and finally obtain the similarity of the cross-
polarized channel. The simulated CCDFs of the similarities between the two polarizations are shown in Fig. R5. The
similarity between channels with different polarizations is relatively weak. The simulation results show that the
maximum polarization similarity is less than 80%, and with the increase in frequency, the polarization similarity
weakens both in the conference room and the office campus environment.

1

——3 GHz
—=—5 GHz
28 GHz

0.8 ———37.5 GHz

0.6
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Fig. R5. Simulated CCDFs of the CSIM across different polarizations.
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Cross-Channel Similarity Characterization-Analysis
and Application
Using a Multidimensional Structural Multipath
InformationMeasure
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Cheng-Xiang Wang, Fellow, IEEE, and Xiaohu You, Fellow, IEEE

Abstract—To meet the ever-inereasing-demands—for—eoverage
and—data—rate—in—required full coverage and ultrahigh data
rate_demands of next-generation mobile communications, the
coexistence of multiple radio frequency systems operating in well-
separated frequency bands in precisely identified scenarios will

b&expleﬁedﬂfﬂmeﬂgfefmmust be exploited. In this context,
-an_investigation of frequency-

dependent and environment-dependent channel characteristics
by exploring the spatial and temporal correlations of multipath
channels across seenariess——A—different frequency bands and

different environments is imperative. In this paper, a structural
channel similarity index measure (CSIM) is proposed, which
comprehensively considers multidimensional-—several multipath
parameters of two different channels, including amplitude, phase,
delay, angle of arrival (AoA), and angle of departure (AoD).
Based on extensive ray—tracing—simulations—and-field measure-

ment campaigns and ray tracing simulations conducted across
both mﬂmmmmm

(cmWave) and millimeter wave (mmWave) bands in typical
indoor and outdoor scenarios, the proposed CSIM is proven
to effectively measure similarity in—speeifie-dimensions——while
its—statistieal-distributionsrepresentfrom specific dimensions as
well as the statistical distributions, and the similarities between
channels across different frequencies and different environ-
ments are presented. Moreover, the eross-band-CSHEM—ean—be

applied-to-evaluate-the feasibility-of-anfeasibility of out-of-band
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information-assisted beam search based on cross-band channel
similarity is also validated.

Index Terms—Channel eharaeteristies;—ehannel—similarity
index measure (CSIM), channel measurementscharacteristics,
channel simulations —eeﬂﬂmeter-wave—ﬂﬂlhmetef-wm‘efand
measurements, multiband and multi-environment, beam search

I. INTRODUCTION

HE saturation of the spectrum in sub-6 GHz frequeney

bands-band has made it impossible to meet the exploding
demands for communication capacity and high transmission
rates -+ [1], [2]. The development and utilization of higher
frequency bands is considered to—be-an effective solution to
this dilemma. The abundant unplanned spectrum resources in
millimeter wave (mmWave) bands have attracted the enthu-
siastic attention of researchers worldwide [3]. On the one
hand, by combining the capabilities of high-frequency and
low-frequency systems, multiband communication systems
show great promise for achieving both a breadth and depth of
coverage compared with traditional single-frequency systems
_[4]. The wide range of frequencies spanned leads to differ-
ent propagation mechanisms and gives rise to differences in
channel characteristics. Radio waves in sub-6 GHz frequeney
bands—band can achieve wider coverage due—to—because of
their high diffraction and penetration performance, while
whereas mmWave signals suffer from more serious path loss
and blockage and can only be used for short-range cover-
age. Large-scale antenna arrays have thus been introduced
to focus the energy in the desired directions, although this

approach-greatly-inereases-the-systemthey greatly increase the

system’s hardware complexity as well as the computational

overhead of 51gna1 processmg On-the-one-hand;-by-combining

compared—with—traditional—single-frequeney—systems—{4{1c
reduce the training overhead of angle of arrival (AoA)
estimation, several algorithms have been proposed that explore
sub-6 GHz channel state information (CSI) to assist mmWaye
spatial correlation matrix estimation [5]-[8]. On the other
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hand, 3 i teati

vmlessmm%nmm,xmwanmstmdemcoverage perfor-
mance are strongly related to their-deployment environments.
The characteristies—of-mmWave—channels—mmWave channel
characteristics are sensitive to the propagation environment,

WMaccurate scenario recognition to
meet the partieular—communication—demands—of—dedicated
communication demands in specific propagation environments.
Therefore, we need—to—fully—understand—must fully clarify
how the propagation characteristics change with the carrier
frequency in the different propagation environments.

The radio propagation characteristics in the sub-6 GHz
bands-band have been extensively studied, and eerrespending
teehnotogies-are-the corresponding systems have been widely
used in the current commercial communication systems. At
present, many studies have focused on the channel charac-
teristics of the popular mmWave frequency bands, and many
accurate or universal channel models have been proposed
based-on—on_the basis of both measured and simulated data
[9]. Based on extensive measured channel data from typical
indoor and outdoor scenarios in the bands—ef-28 GHz and 39
GHz bands, the frequency dependence of the path loss and the
root mean square (RMS) angular spread was-were discussed
in [10] and [11]. In [3], a measurement-based mmWave
propagation channel model fer—the—range—from 28 GHz to
73 GHz was presented. The propagation characteristics were
modeled in multiple dimensions, inechuding—which included
directional and omnidirectional channel models, temporal and
spatial channel models, and outage probabilities. In addition,
side-by-side comparisons of the—propagation characteristics
over a wide range of mmWave bands were provided. Many
works have focused on channel simulations and measurements
across multiple frequency bands and environments. However,
onty—they have derived channel correlations based on visual
observatton—observations or statistical comparisons of the
channel parameters [12], [13]. For example, in—{H4{;—channel
measurements were conducted in the bands—ef-3.5 GHz and
28 GHz bands in indoor and outdoor scenarios to study the
channel property differences between the microwave band and
the mmWave band [14]. The Saleh—Valenzuela (S-V) model
was chosen to analyze the statistical parameters of the clusters,
such as the number of clusters, the intercluster interval, and the
ray decay factor. The effects of the frequency and bandwidth
on the decay factor were—are discussed in detail. In [15],
the authors carried out channel measurements in an indoor
cubicle office and a conference room, using seven frequency
bands ranging from 2.4te-6+—61 GHz. Based on the multipath
parameter estimation results, frequency-dependent modeling
of the-path loss, shadow fading, the cross-polarization ratio,
delay spread and angular spread was presented. However, these

channel parameters can represent only the characteristics of a

certain dimension of a particular channel but cannot establish
a connection between two channels.

Intultlvely, the—similarity—between—HE—and—1F—channels

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION

extracted—from—a high level of channel similarity between the
Mm sub-6 GHz—bzmd—elﬁmfrel&harbeewpfepesed

iﬂfeﬂﬂ-&ﬁeﬁ—ebﬁﬂﬂed—ffﬁﬂﬁub—&GHZ Channels —l—ﬂ—fé}——&ﬂ
can be observed when the environment and the transceiver

configurations are the same. Therefore, the question arises

of exactly how similar they are, and to what degree of
Wout—of band eevaﬂaﬂee—ffaﬂslﬁﬁeﬂ

similarity-and-the-availability-of-out-of-band-informationneeds
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YI et al.: CROSS-CHANNEL SIMILARITY ANALYSIS AND APPLICATION USING A MULTIDIMENSIONAL STRUCTURAL MEASURE 3

Therefore;—a—, A specific index is needed to measure this
similarity. The correlation coefficient, which reflects the degree
of linear correlation between two variables, is a common
index for evaluating the correlation between signals received
at adjacent antenna units in MIMO systems [17]. However, the

correlation coefficient is evaluated-enly-only evaluated from a

mathematical perspective, which is easily affected by noise,

and cannot be measured comprehensively across multiple
dimensions. Power profiles with similar correlation coefficients

do not necessarily show similar differences. Aceordingly,mere

The same deficiency is found in similarity evaluations of time
series, the trend of the series is introduced to compensate for
the information lost by judging only by the Euclidean distance
J181-[20]. Compared with the mean square error (MSE)
and the peak signal-to-noise ratio (PSNR), the structural
similarity (SSIM)_calculated based on_the brightness_and
contrast_of local patterns can better reflect the_ similarity
between images from the structural perspective, which is more

Consequently, inspired by this structural similarity, more phys-
ical characteristics of the propagation channels should also be

considered to—evaliate—when evaluating two power profiles.
The clustered delay line (CDL) channel model of the 3rd
Generation Partnership Project (3GPP) [23], which is mainly
used for link-level channel simulations, specifies a series of
parameters, including the delays of clusters, the angles of
departure (AoDs), the AoAs, the phases, and the amplitudes.
These parameters determine the propagation characteristics
with respect to the transceiver. The multipath component
distance (MCD) [24] is an—index—that-is—one of the indices
widely used in automatic multipath clustering algorithms [24]—
[27] to quantify the separation between multipath components
(MPCs). Furthermore, a channel similarity index measure
was proposed in [28], in which the power delay profile is
regarded as a time seriesand—the—propertiesof—clusters, and
cluster properties, such as the arrival time and decay rate, are
%&keﬂ—m{e—aeeeuﬂtconmdered Two spatial channel similarity
metrics Wefe—pfepe%ed—tﬁ—Héi—{%Hefxp}ef&W
exploring the feasibility of using EF-sub-6 GHz channel infor-
mation for coarse estimation of Hllbeaffrdﬁee&eﬂ&mmWave

beam directions were proposed in [16], [29]. However, these
metrics can only-be-used-be used only for channel similarity
meastirement-measurements in either the time domain or the

angular domain, net+a-and not for all dimensions.

ra < L 1 < <
have-been—conducted across both-the centimeterwave and
office campus seenarios—A-More importantly, how can channel
cross-band similarity be used as prior knowledge to guide
the_design of the out-of-band spatial information-assisted
beam search strategy, and at what level of channel similarity
can_the beam search algorithm obtain a_stable prediction
performance? The relationship between channel similarity
and the availability of out-of-band information needs to be
explored, as well as _the influence of various factors, such

as_the antenna array pattern, the propagation environment
complexity, and whether the direct path is obstructed.

In this work, a structural channel similarity index measure
(CSIM) is proposed based-en-on the basis of multidimensional
structural information. Not only can this—meastire-it be used
to compare the similarity between two specific channels, but
its statistical characteristics can also reflect the similarity
between different frequency bands and different propagation
environments. Based on the proposed CSIM, the feasibility
of out-of-band information-assisted beam search is also in-

vestigatedfrom-the-propagation-analysis-perspeetive. The main

contributions of this work are summarized as follows.

1) To investigate—frequency—and—environment-dependent

2) An—ebjective —CSHM—is—proposed—to—reasonably and
effectively evaluate the similarities of different channels

in the form of numerical values, an objective CSIM
is_proposed, which accounts for the multidimensional
structural information of the effective rays, including the
complex amplitude, delay, AoAand-AeD;as-wel-as-, and

AoD. The proposed structural CSIM can evaluate channel
similarity from one or more dimensions.

3) The CSIM can be used to measure channel similarity
under different transceiver configurations, considering the
effects of delay resolution and angular resolutionunder
different-transeetver-configurations. Its statistical charac-
teristics can reflect the-similarity-between-channels-aeress
differentfrequency-bands-and-different-channel similarity

across different bands or environments.

4) Channel similarity is related to beam direction differences
for—an—investigatton—of—{o_investigate the feasibility of
out-of-band information-assisted beam search strategies.
The availability of out-of-band information depends on
the complexity of the propagation environment, which is
related to the Rietan-K factor.

The remainder of this paper is organized as follows. Section
II presents extensive channel simulations—and-measurements
eonducted—in—measurements _and_simulations _conducted at
multiple bands in two seenarios—to-eoHeet-environments that
collected a large amount of channel data fer-se—in-to use for
analyzing the channel similarity. The proposed multidimen-
sional CSIM is introduced in seetiontH—In-seetion-Section II.
In Section 1V, the statistical distributions of the CSIM across
multiple frequency bands and two seenarios—environments
are presented, as well as the feasibility of an—out-of-band
information-assisted beam search. Finally, seetion-Section V
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concludes the paper.

II. CHANNEL SHMUBEATION-ANDB-MEASUREMENT AND
SIMULATION CAMPAIGNS

Channel simulations—and-measurements-measurements and
simulations_were conducted in multiple frequency bands in
typical indoor and outdoor scenarios, i.e., a conference room
and an office campus. The test frequencies ranged from the
microwave band to the mmWave band, including 3 GHz, 5
GHz, 28 GHz, and 37.5 GHz. A large amount of channel
data was obtamed thretgh-both-simulations-and-measurements
from the measurements and simulations for channel similarity
analyses. In this section, the propagation environments and

the measurement and simulation configurations are described
in detail, followed by the-parameter-data preprocessing and a
channel characteristic analysis.

A. Channel Measurements

Using a commercial off-the-shelf (COTS) instrument-based
flexible channel sounder [30], channel measurements were
conducted _in _multiple frequency bands by changing the
corresponding radio frequency (RF) device. Considering the
limitations of the hardware configuration and the methods
of data—preproeessing—measurement cost, only channel state
information (CSI) in the time domain and the AoA domain
was _detected and analyzed. For the mmWave channel
measurements, high-gain horn antennas were used to receive
spatial MPCs by rotating in the azimuth and elevation planes.
The angle resolution was 10°, which is related to_the
half-power beam width (HPBW) of the receiving antennas and
the rotary step size of the rotator. An open-ended waveguide
antenna with an HPBW greater than 80° was employed for
wide coverage on the transmitter (TX) side. For the sub-6
GHz channel measurements, dipole antennas were used on
both the TX and receiver (RX) sides. To obtain the A0A, a
virtual planar array of 8 x 8 elements was used by translating
the dipole antenna at the RX. The TX and RX antennas
were placed in both vertically and horizontally polarized
configurations during the channel measurements. The detailed
specifications can be found in Table I, GPS-disciplined
rubidium_standard _references were used for precise clock
synchronization, Before the measurements, the system impulse

response was calculated by physically connecting the RF ports

m—ma%ﬁﬁ%e—freqﬁeﬂeybbaﬁds—#rs—shewn—m»Flg 1 —d&QlAch

the layouts of the TX and RX locations in the typical indoor
and outdoor scenarioswetre-constdered. The dimensions of the

conference room are 11.7 x 9.0 x 3.0 m>. In the conference
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TABLE I
MULTIFREQUENCY CHANNEL MEASUREMENT SPECIFICATIONS

Parameter ‘ Value
Carrier Frequency (GHz) 3 [ 5 ] 28 [315.
Bandwidth (MHz) 100 100 300
Gain (dBi) 20 | 60 | 65
_nls o
X Antenna | -ERlane HPBW () 60 | 102 | 80
H-plane HPBW (°) | 360 | 63 | 55
Gain (dBi) 20 | 262 | 275
_ o
RX Antenna |_EcRlane HPBW () 60 10
H-plane HPBW (°) 360 10
RX Rotation Range in Azimuth (°) / 0~ 350
RX Rotation Range in Elevation (°) / 50 ~ 120
RX Rotation Step (°) / 10

room, there are several pieces of typical office furniture, such
as metal cabinets, wooden desks, and leather chairs. The
height of the desks is approximately 0.8 m. On the desktops,
there are some office supplies and experimental equipment.
The walls are made of concrete, glass, and wood. The metal
cabinets and the-railings next to the floor-to-ceiling windows
are the main reflectors—The-dimensions-of-theconferenceroom
and-the—placement-of-the—officefurniture—were—reereated—as
] blein_the_simulator_The X laced
{he same BSHHBH, eIBEE {s f:]B dsa’c 1ﬂ the ﬂﬁl‘:fh“’eff coOrner
and—scatterers. In this scenario, the TXs were fixed in the
northwest corner of the conference room at a height of 2.6 m;
. . 00 il ) he_el | gtar
throughout-the space—The RX height-was-. Twenty-nine RX
locations were selected, with fixed spacings of 1 m and 1.3
m. The height of the RX antennas was set to 1.8 m, slightly
higher—which is slightly greater than the desktop height, in
Keeni it the hoieht of thedl ! | Ll
field-measurementsso all the measured TX-RX location pairs

corresponded to the line-of-sight (LoS) scenario. The outdoor
scenario is a typical office campus surrounded by buildings ef
9-18 m in height. The roads on the office campus are lined
with evergreen camphor trees with thick branches and leaves.
The average tree height is approximately 8 m. There are seme
several winding paths and bushes in the roadside flower beds.
The-In this scenario, the TX antennas were deployed on top
ef—fhe%eweﬁb&ﬂdmgfe%%mm@gvrgg\ﬁgfv@lvevgggg&g ata
height of 12.3 m, with a-dewntittef1+5°TFhreesets-of RXs-the
beam pointing into the middle of the canyon. Dozens of typical
RX locations were selected along the three routes, including
obstructed by foliage, and 6 non-LoS_(NLoS) TX-RX pairs
blocked by the building. The TX-RX separation distances
varied from 20 m to 85 m, and the spacing of the RX locations
along each route was 2 m.

Measurements _were_carried out at the 3 GHz, 5 GHz
(specifically, 5.4 GHz in the indoor scenario and 4.8 GHz
in_the outdoor scenario due to_the interference signals
encountered during the measurements). 28 GHz and 37.5 GHz
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Fig. 1. Layouts of (a) the conference room scenario and (b) the outdoor office
campus scenario.

bands. A simplified peak detection algorithm [11] is proposed
here to estimate MPCs. For the direction-scan measurement
method, the angular power spectrum (APS) can be obtained
in_accordance with the received power of the directional
channel. For simplicity, the angular resolution of the MPCs
is_considered 10° since standard gain horn antennas with an
HPBW_of 10° were adopted. For the sub-6 GHz channel
measurements, the SAGE algorithm [31], [32] is used to

accurately estimate the MPCs.

B. Channel Simulations.

To compensate for the resolution limitations in the channel
measurements, the commercial ray-tracing-based simulator
Wireless InSite was applied to obtain higher-resolution CIRs
in multiple frequency bands. All the simulation configurations
are consistent with the measurement settings. The dimensions
of the scenarios, and the placement of the scatterers, were
recreated as_much as_possible in_the simulator. In_the
conference room, the TXs were placed in the same location in
at a height of 2.6 m. A total of 2240 RXs were distributed
uniformly over a rectangular area with a spacing of 0.2 m
to_simulate the channel conditions throughout the space. The
RX height was 1.8 m, which is_consistent with the height
of the channel sounder used in the field measurements. In
the office campus, the TX antenna was deployed on top of

the southern building. Three RX sets along the roads (Route
1, Route 2 and Route 3) were selected, eomprising-including

3168 RX locations with a spacing of 0.5 m. Due to shading
by-the shading of the vegetation, most communication links
are obstructed10S5(OLeS—H-OLoS links, which are mainly
dﬁ&rbu{edﬂwimalong Route 1 and Route 2 and
in the middle of Route 3. The remaining links are LoS links at
both ends of Route 3 and nen-EoS+MNEeS—>-NLoS links along
Route 1 extending to the corridor in the building.

individually—The antennas used in the simulations were
directionatare horn/emnidirectional-dipole antennas with the
same half-pewer—beamwidths (HPBWs——HPBWs as the
measurement antennas used in the corresponding frequency
bandsband. Note that the material properties, including the
relative permittivity and conductivity, were updated with the
carrier frequency in accordance with the ITU recommen-
dations [33]. The transmit power was uniformly set to O
dBm-—The-, and the receiver sensitivity was set to -250 dBm
to ensure that sufficient paths could be received. Based on
previous research on the simulation depth, the orders of the
three propagation mechanisms, i.e., reflection, transmission,
and diffraction, were set to [6, 2, 2] te-achieve-a-—suitable-for a
trade-off between the accuracy of the simulation results and the

time consumption. Using-the-ray—tracing-based-simulator,—the
detatled-parameters-of-eachray-eeutd-In addition, the machine
learning-assisted calibration method was introduced to further
channels more consistent with_the measured channels [34]
- Using_the ray-tracing-based simulator, more simulation
results at multiple frequency bands, different delay/angular
resolutions, and polarization configurations can be obtained
directly —
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TABLE II
MULTIFREQUENCY CHANNEL SIMULATION CONFIGURATIONS

Parameter ‘ Value
3,5,28,375
100, 300, 1000

1, 10, 20, 30, 40, 50, 60

Carrier Frequency (GHz)
Bandwidth (MHz)

Angular resolution (°)

Polarization co- and cross-polarization
Reflection order 6
Transmission order 2
Diffraction order 2

atfor more in-depth comparative investigations. The detailed
simulation configurations are listed in Table II.

C. Channel Characteristic Analysis

The RMS delay spread and RMS angular spread are channel
characteristic parameters used to measure the d1s ersion of

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION

RX positions. The scattering paths take longer to_travel
to_the RXs, and they tend to be weaker in_power. The
channels are relatively sparse both in the time domain and
the azimuth-AeA—(AAeA)angle domain. For the mmWave

ehaﬂﬂel—me&%ufemeﬁts— oS channels the RMS delay s read

and RMS angular spread are small, but the RMS delay spread
Owing to the blockage effect, the degree of dispersion in both
the time domain and the angle domain also increases. For
the sub—&GHz—ehaﬁﬂel—meawfemems—épele—aﬁteﬂﬁas—wefe

fewer—subpaths—in—the—clusters—Heowever—the—signal in the
time domain _or the angle domain. The RMS delay spread
and RMS angular spread measured at the specific RX position
across multiple frequency bands are depicted in Fig. 2. An
obvious_trend is that the channel dispersion characteristics
decrease with increasing carrier frequency. A comparison of
the results of these two scenarios reveals that the RMS delay
spread measured in the conference room scenario is smaller
than_that measured in the office campus scenario, but the
conclusion of the RMS angular spread is the opposite. This
is_mainly due to the distinctive propagation environments. In
the_conference room scenario, the signals pass through the
surrounding walls or internal objects to reach the receiver.
The 1ncom1ng dlrectlons of the feﬂeeted»fays—afe%&}}ﬁbmﬂﬂﬂt

WQQ%W%WW
strong, so the signal energy is concentrated in the time domain
and dispersed in the €Sk-was—detected—and—analyzed—only
i—angle domain. In addition, these dispersion parameters
do not vary dramatically because of the similar propagation
environments _in_the conference room scenario. The office
campus scenario is wide open. and the internal environment
varies, showing different channel characteristics at different

ofthe F>X-and-RXchannels measured along Route 2, the stron
reflection paths from the backward glass curtain wall result in
a greater delay and angular spread.

TABLE III
MULTIFREQUENCY CHANNEL MEASUREMENT SPECIFICATIONS

Parameter ‘ Value
Carrier Frequency (GHz) 3 ‘ 5 28 37.5
Bandwidth (MHz) 100 100 300
Gain (dBi) 2.0 6.0 6.5
~ o
TX Antenna E-plane HPBW (°) 60 102 80
H-plane HPBW (°) 360 63 55
Gain (dBi) 2.0 262 | 275
. o
RX Antenna E-plane HPBW (°) 60 10
H-plane HPBW (°) 360 10
RX Rotation Range in Azimuth (°) / 0 ~ 350
RX Rotation Range in Elevation (°) / 50 ~ 120
RX Rotation Step (°) / 10

However, __ channel __ parameters _characterize _the
connection between two_channels. On_the one hand, these
parameters only show_the frequency dependence of the
propagation_ characteristics, and we_still _cannot explore
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Fig. 2. Measured (a) RMS delay spread and (b) RMS AAoA spread in the conference room scenario and measured (c) RMS delay spread and (d) RMS

AAOA spread in the office campus scenario.

the detailed characteristics of the channels across different

frequencies on the basis of these parameters alone. On the
other hand, channels in different propagation environments
may_have similar_channel parameters, and more parameters
are needed to characterize and distinguish them. For example,
the normalized power delay profiles (PDPs) and power angle
profiles (PAPs) of three simulated channels in the conference
room io_scenario are presented
in Fig. 3, as are the channel parameters listed in Table ??.
Ca and Cp are simulated channels obtained at the same RX
location at 3 GHz and 37.5 GHz, respectively. The TX-RX
distance is 8.3 m. In-the-outdoor-office-campus—seenarior-Cg
is_another mmWave channel simulated at a relatively close
distance of 5.1 m. The MPCs of the mmWave channels are
sparser than those of the sub-6 GHz channel in both the time
domain and the spatial domain, with the number of MPCs
@m\gwprmmwmmmg&the FX—antennas

fe—aeeufate}fe%ﬁma&e—ﬂ%—MPG% WMR@
in the clusters. However, due—to-the-timitations—of-the—virtaat

plaﬂaf—&frays—used—a{—ﬂie—léés—aﬂdrthe E-plane- HPBW-of-60%of

http://mc.manuscriptcentral.com/tap-ieee

the-dipole-antennas;-incoming directions of the reflected rays
are still abundant in the indoor scenario. Note that Ca and Cc
have similar delay/angular spreads, but they do have obvious
differences. Thus, more parameters, such as the average delay
and average AoA, are needed for further characterization.
In_a comparison between Cs and Cp, whose propagation
environments are exactly the same, almost all of the angular
resolution—is—verylow—on—the—elevation—plane;,—and—only—the
AAeoA-is—considered-in-the-angular-domain—rays in Cp _can
be found to have corresponding rays in Ca, except they haye
a difference in the normalized power. However, these channel
parameters do not intuitively reflect this similarity.

III. CHANNEL SIMILARITY ANALYSIS

Based on the analysis in subsection II-C, a single channel
arameter is not enough to represent a specific channel, let

alone reflect the connection between two channels. Therefore,
if one wants to use the known channel information to infer
an unknown channel, a novel measure is needed to associate
these two channels. In this section, a channel similarity index
named the CSIM is proposed en-the-basis-of-an-according to

the improved multipath parameter distance. The similarity of

any two channels in one or more dimensions can be measured

by a numerical value, and the time/angular resolutions are also
accounted for.

A. Channel Similarity Index Measure (CSIM
multiple-pathsto-reach-the R2G-the-CIR-The channel similarit
can_be decomposed into the similarities of several MPC

airs, which are defined in terms of the parameter distance
in different dimensions. The CIR h(t) can be represented

as a multidimensional function of the channel parameters,
including the complex amplitude (amplitude-aand-phase—),
the delay 7, the AAoA—prtheelevation-AoA (EAeA)frthe
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Fig. 3. Simulated PDPs and PAPs. (a) PDPs: (b) PAPs. Here, Cx and C
are obtained from the same RX location in different frequency bands, and C
and C¢ are obtained from different RX locations at 37.5 GHz.

azimuth-AeD-(AAeD)rPp_(including the azimuth AoA

and the elevation AoA 0r), and the AoD ®7 (including the
azimuth AoD o7 and the elevation AoD (EAeB)f¢—01):

L
=Y @d(r = 1)8(Pr — Pri)(Pr — Br), (1)

where L is the number of MPCs. These parameters set
each specific MPC apart from the others and eventually
give rise to a unique channel. The parametric multipath
channel can be represented by C = {@17.. ©r}, where
= o @, T P i, ®
(1 <+ <L ta«rl(/imm\memm i€ Z) represents the parameters of
the ith MPC.

To-desi ndex_il hed E subpatl
stractural—similarity—between—two—channels—Suppose that Cx
and Cy are two channels to be compared, with the detected
MPCs of Lx and Ly, respectively. O;x and O,y represent
the_parameter sets of the ith MPC in Cx_ and the jth
MPC in Cy. The multidimensional MPC parameter distance
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d(©; x,0.,v) can be synthesized as a Euclidean distance on

the candidate dimensions as follows:

d(©;x,0;y)
N «

i

where N _is_the number of selected dimensions. The

multidimensional MPC parameter distance is extensible, and
the_candidate_dimensions_include, but are not_limited to,
the complex amplitude, delay, AoA, and AoD dimensions,
corresponding to distances dy,,; , athof these parametersneed-to
beeeﬁﬁdefed—ﬂet—eﬁky—ntmeﬁe&Hy—bm—a}serhyﬁeal%Befefe

ij2+dT7jj2+dq>R,ij2+dq>T,ij2 +"')7 (2)

mWower nonnahzatlon and a umﬁed co-
ordinate system are needed-required to exclude the influence
of-the-system gain and facilitate fair comparisons. To simplify
the calculation, a reasonable threshold should be set to extract
only MPCs with power levels greater than this threshold while
ignoring small signals. Then, the total power of all effective
MPCs is normalized to 0 dBm.

in—Ex—and-Cy—respeetively—An improved MCD is proposed
to calculate the multidimensional channel parameter distances.
Coherent-Coherence parameter distances are introduced based
on—the—on _the basis of the angular resolution and the delay
resolution of the communication system, thereby—eliminating
which also eliminate the dimensional differences in different
dimensionsand—, scaling the distance measure to within the

range of O to 1. Specifically, the distances ¢+ ¢, —and

1

Tij g 5 o — Qi 2, (3)

‘Ti;T"a |Ti _T_]| S ?7
do, 7, = ) 4)

— 1, otherwise,
AR(T) A . Y
- < min (¢ T

dq) o _ mln(ﬁR(T),ﬂ) ) R(T) = R(T)>» )

— TROD) :

1, otherwise,

(&)
where 7—represents—the—arrival-time—ofthe—eorresponding

Degey ]|
represents the Euclidean norm and
A = (P i P ) is the space angle formed
by @ and @ ;. T represents the walue—ef—the

least distinguishable delay, which is related to the signal
bandwidthand—is—equal—,_and is set to the average delay
resolution of the channels to be compared,—aﬂel—ﬁﬂfr.
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Mis the average angular resolution on the RX{TFX—)
/TX side, representing the least distinguishable angle. t—ean
be—mfmtwe}y—uﬂdef%eed—ﬂ% Intuitively, under a unified
coordinate system, two MPCs are considered te-be-similar if
the beams formed by them overlap in space—and-time;,—and

their-the space-time range, and the degree of similarity is
linearly related to the parameter distance.

d(©;x,0;y)

= \/wad

2 2 2 2
., Twrd? +we dg . +wedy ;. (6)

the-other-dimensions-to-be-equal—The smaller the value of ;5
d(9,x,0,,y) is, the more similar the two rays-MPCs are. The

value of d;7-d(0; x, ©,y) is equal to 0 only if the two MPCs
are exactly the same in-on the target dimensions. Conversely,
the subpath-MPC similarity is defined asfelews:—:_

sij = 1—d(0;x,0;,y)€[0,1]. (7N

For-the—jth-MPC-in-Cy—wetraverse-al-According to the
maximum s;;, the MPCs in Cx to-find-that-with-the-smallest
parameter—distance—as—the—mest—similar MPC—Then,—the
similarity-of-and Cy with-respeet-to-Cx-is-defined-are pairwise
matched into_Liyascn pairs, which form a set M. Considering
the contribution of the MPC power to the total channel power,
the_channel similarity CSIM is finally derived as the power-

weighted average similarity, that is;-

Ly
Sy—x = Z |laj|? max(B;), ®)

j=1

1
CSIM(Cx,Cy) = §(SY—>X + 5x5v)

Ly Lx
> o[ max(8;) + Y |o|* max(v;) | x 100%.
Jj=1 i=1

)

B. Cross-Channel Similarity Assessment

Based on the proposed CSIM in subsection III-A, the
CSIMs between the example channels are summarized in Table
is_unified in all the comparisons. Channels under the same
between Ca and Cp is more than 70% in any_ dimension,
which is_significantly greater than the similarities of the
power-of-channels under different propagation environments.
A comparison of CSIM(Ca,Cg) and CSIM(Cg,Cc) reveals
that the channel difference caused by the location change
is_greater than that caused by the frequency change. The
differences between the site-specific_channel characteristics
are_caused mainly by the propagation mechanism changing
environment is relatively static. The frequency-dependent
electrical parameters of the jth-MPE;the greater—scatterers
difference in the MPC_distribution. The full-dimensional

CSIMs are generally smaller than the single-dimensional
CSIMs because the differences in more dimensions are taken
into account. Unlike the conventional channel parameters, the
Itl]t]"l'.ll‘g,l"l'F
Ex—withrespeetto-Cy—eanbe—ealeulated—as-

Lx

sxoy= ) Joif* max(y),

i=1

v [Yly 21y y Yl ly

Ev—proposed CSIM can effectively evaluate the degree of the
similarity between MPCs in various dimensions.
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Fig. 4. Angular power spectra filtered with standard beam patterns.

CSIM(Cx, Cy) =

1
§(SY—>X + sxv)

Lv Lx
> o[ max(8;) + Y |ov|* max(v;) | x 100%.
j=1 i=1

(10)

C o L Simitar sine-the-CSIM

Reeonstructed—The reconstructed power spectra can be
computed based-on—the-diserete-MPEs;—on_the basis of the
discrete. MPCs and with the antenna pattern and system
responses embedded [16], [32]. In Fig. 4, the continuous
power spectra filtered with standard beam patterns of certain
beamwidths—beam widths in different frequency bands are
shown in the time domain and the angular domain. Taking
the angular power spectrum as an example, an MPC with a
larger beamwidth-beam width will have an impact on a wider
range of the power spectrum. Ray #1 and Ray #2 are the
direct path and the primary reflection path of Ca, respectively,
with their AAeAs-AA0A values being 18.4° apart. These two
MPCs will-do not interfere with each other if the EF-sub-6
GHz system has an angular resolution of 10° because the two
reconstructed beams are separated, whereas these—same—two
beams-will-the two beams overlap if the angular resolution is
30°.

We assume that the bandwidth of HF-—channels——the
mmWave channels By s—is 300 MHz, and that the

eorresponding—angular resolution Jup is 10° due to the
generally greater bandwidth and better beam pointing ac-

curacy of HFE-systems;—whereas—the—bandwidth—and—angualar
resolution—of LF-channels-mmWave systems, and_those of

@M are set to Brp= 100 MHz and

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION

dimensions. To_explore the effects of delay resolution and
angular resolution on channel similarity, CSIMs with different
resolutions of the sub-6 GHz system are also calculated for
comparison. The delay and AAo0A_dimensional similarity
between Ca and Cp are 85.8% and 87.2%, respectively, which
are slightly greater than those without considering delay or
angular resolution. With increasing delay resolution or angular
resolution, the similarity between the channels decreases. This
is_because in the CSIM evaluation system, beam overlap is
regarded as a prerequisite for similarity between two MPCs.

IV. RESULTS AND DISCUSSION

Based on the large amount of multiband channel data
stmulated—and-measured-measured and simulated in the two
typical seenariosenvironments, the channel similarities across
frequency bands and—aeross—or _environments are presented,

as Weﬂﬂ&fh%tﬂﬂtmw&ef—b}eekag&mffhts—mlaf&yare the
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Fig. 5. Simulated and measured CCDFs of the CSIM across different frequency bands.
Simutated-AAeA-dimenstona-CSHM-in—the—confereneereom—seenarto:—(a) Measured
room scenario;-Simutated—fut-dimensional-CSHM—in—, and (c) linear fitting of the

-and (b) simulated CSIMs in the conference
SIM in

mdaﬁﬁﬁfhe&eemapus—seeﬂaﬂe—SmﬂafedﬁeA-ehmeﬂmﬂéﬂ—C
Mﬁe%mmﬂmmm (d) Measured AAoA-dimensional-CSHM-and (e) simulated CSIMs in the eutdooroffice campus

scenario, and (f) linear fitting of the CSIM with frequency interval.

influences of the blockage and polarization configurations.
Moreover, as an application example, the feasibility of an-out-

of-band information-assisted beam search by using the CSIM
as prior knowledge is diseussedalso presented.

A. Multifrequeney-Frequency Similarity Analysis
The similarities of channels across multiple frequency bands

obtained at the same location have-been-caleulatedto-provide

are calculated, which provides a comparison of the site-specific
channel characteristics across different frequencies. The com-

plementary cumulative distribution functions (CCDFs) of the
CSIM are depicted in Fig. 5, and the-assoetated-their statistics
are provided in Table IV. Figs. ﬁ—&ﬁd—‘L‘LMQAASA(N)
show the empirical CCDFs of the full-dimensional-CSHM
stmttated—CSIM measured in the conference room seerario
environment and the office campus seenario;—which—acecount
fe%%he—ehaﬂﬂel—ehafaeteﬂsﬁe&ﬂfeaehd{meﬂﬂeﬂe&ym
Obviously, there is a clear distinction in the similarities be-
tween cross-band channels. The similarities between mmWave
channels and between sub-6 GHz channels both tend to be
high, up to approximately—95%-in-50%of-cases—Henee;the
stringent-becatuse-more—accurate-beam-alignment-is-neededan
average of more than 90%. The similarities between well-
separated frequency bands seem to be related to beth—the
frequency interval and the frequency ratio between the higher

frequency—and—thelowerfrequeney,—but-more—important—are

mmWave bands and the sub-6 GHz bands; however, the com-
plexity of the propagation environment and the characteristics
of the scatterers are more important. In general, the smaller
the frequency interval-and-span and the frequency ratio are,
the higher-greater the similarity. As—seen-by-comparingFig:
*2-A _comparison of Fig. 5(a) and Fig. #%-5(d) reveals that
the cross-band similarities in the office campus seenario—are
stightlytarger—environment are_slightly greater than those
in the conference room seenarioenvironment, and the cor-
responding similarities between HE_and LF channels—are

more—than—$%targerthe mmWave channels and sub-6 GHz

channels are approximately 5% greater. According to the
distributions of the simulated-measured MPCs, there are more

strong reflection/scattering MPCs in the indoor environment,
whereas there is usually only one direct pathMPE-, and few
reflection/scattering MPCs in the outdoor environment; thus,
the indoor propagation environment is more complex —with
more strong refleetionsmultipaths, weakening the similarity
between the channels.

The econsistency—of—the—angular-domain———channel
] .. Hinlef bands ved
transmisstonsimulation results provide extensive channel

data with higher delay/angular resolution and include more
candidate dimensions. The CCDFs of the AAeA-dimensional

multidimensional CSIM are shown in Figs. ??-and-2?-—Due
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TABLE IV
CSIM STATISTICS ACROSS MULTIPLE FREQUENCIES

Conference Room

Office Campus

Freq. (GHz) meas. simu. meas. simu. simu. (LoS) | simu. (OLoS) | simu. (NLoS)
mean std mean | std | mean | std | mean | std | mean | std | mean std mean std

3vs5 93.1 3.0 939 | 23 949 | 23 | 98.1 1.2 | 99.1 0.9 | 98.1 1.3 97.7 1.1
3vs 28 81.1 7.6 822 | 5.7 834 | 79 | 853 69 | 90.8 3.1 87.0 4.6 78.4 7.6

3 vs 37.5 70.6 122 | 730 | 79 | 773 | 75 80.2 8.1 88.9 | 4.1 81.1 5.4 72.7 8.9
5vs 28 83.6 6.9 834 | 6.8 853 | 6.2 | 875 571 908 | 2.9 89.1 3.6 81.7 6.5

5vs 375 74.8 9.4 75.2 8.1 785 | 79

819 | 72 | 885 | 4.1 82.6 5.1 75.9 8.1

28 vs 37.5 91.2 2.7 923 | 40 | 922 | 3.6

933 | 44 | 962 | 3.7 | 944 4.5 92.2 4.0

those-tn-the-full-dimenstonal-case-Beeause-5(b) and 5(¢). The
statistical distributions of the simulated CSIMs are consistent
with the trends of the measured results. Since the MPCs are
relatively sparse in the angular domain in the office campus
seenartoenvironment, the degrees of channel similarity among
all frequency bands are highand-, and are greater than those in
the conference room seenarieenvironment, which is consistent
with the previous conclusion. Nete—tha%seme#af—fheﬁfmm&y
values—between—mmWave—channels—are—100%—at—some—RX
locations;—where—only—one-MPC—ean—be-reeceived—TFigs. 5(c)
and 5(f) present the linear fitting of the mean CSIMs with
the frequency interval between the two frequency bands. As
the frequency interval increases, the mean CSIM decrease
with_slopes of —0.65 and —0.55 in_the conference room
environment and the office campus environment, respectively.
the_measured results, with a slight overestimation of 1-2
percentage points.

These-simulationresults-may-tend-to-be-optimistic- Note that
the simulated results are slightly larger than the correspondin
measured results; this is because of the ideal-static-propagation

eﬂwfeﬂmeﬂ{—Dﬂe—te—dyﬂdmi%changes in the measurement
environment—and—real measurement environment, and the

A N AN A A AR AN AN AN AN AANAAANINANAAANAAS
differences in the measurement system configuration, which

weaken the measured channel similaritiesaresemewhattower

ferent measurement schemes applied for the mmWave channel
measurements and the-sub-6 GHz channel measurements have
inevitably-affeeted-inevitably affect the extraction of effective
paths. MmmWa«Haad%—%he—%mﬂa&ﬁe@—%Hngh—d&e

addition;—the-The interference signals that often appear during
http://mc.manuscriptcentral.com/tap-ieee

EF-the sub-6 GHz channel measurements are an important
cause of angle estimation deviation. There will always be
interference in a practical application environment, especially
outdoors—Fhus,_in an outdoor environment. Nevertheless, the
simulation results match the actual channels well. In addition,
when attempting to use EF-out-of-band angle information to
assist in &H—H{Lbeaﬁﬁeafekhba%ed—efrtw
basis of channel similarity, a sufficient error margin must be
considered.

B. Effects of Blockage

Going-one-—step—furthertFurthermore, the channel similarity
in-under different propagation scenarios (i.e., the LoS, OLoS
and NLoS scenarios) is discussed based on the channel data
from the office campus seenarioenvironment. As shown in
Fig. 6, the channel similarity between any two frequency
bands in—under the LoS scenario is greater than that in
under the OLoS/NLoS seenariosscenario. When a direct path
is missing, the signals must either—penetrate or bypass the
scatterers in the environment or reflect off their surfaces to
reach the reeeiverRX, resulting in lower received power levels.
The electromagnetic properties of the scatterers in different
frequency bands increase the uncertainty of the reflected rays,
and thus reduce the degree of channel similarity. The similarity
gain increases with an—increasing frequency difference. For
EF-the sub-6 GHz channels, the statistical results for the
channel similarity in-under the OLoS and NLoS scenarios are
almost the same due-to-because of the strong penetration and
diffraction capabilities of LE signa EF-signals—Hewever—as-the sub-6
GHz signals. As the frequency increases, the penetration n and
diffraction of the signals alse-decrease. When two frequency
bands differ greatly, such as the 3 GHz and 37.5 GHz,
the presenee—ef—a—direct path has a significant influence on
the channel similarity. Compared with the LoS seenario;—the
ehannel-similaritiesin—cases, the average channel similarities
under the OLoS and NLoS scenarios are decreased by +:6-and
%Mwercentage points, respectively;—in—50%—of
eases. For two mmWave bands in-the-leS—seenariounder LoS
scenarios, there are qm{e—&—fe%c—dses—e&ppfe*mzﬁe%y—z@%}
W with only one direct path, resulting-in-showing
a similarity of 100%.

| heholl I solid | ]
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Fig. 6. CCDFs of the AAoA-dimensional CSIM across multiple frequency
bands #n-under different propagation scenarios. The three colors blue, yellow,
and green represent three pairs—groups of frequency bands-band pairs to be
compared, i.e., 3 GHz vs. 4:8-5 GHz, 3 GHz vs. 37.5 GHz and 28 GHz vs.
37.5 GHz, respectively, while the solid lines, dotted-dashed lines, and dotted
lines with-sgtares-represent the LoS, OLoS, and NLoS scenarios, respectively.

i o The Rician k£  which rofl

The K factor is the ratio of the power of the direct path

ray to the sum power of other indireet—paths—{2reflection
aths, reflecting the complexity of signal propagation in the
channel. In the conference room seenarioenvironment, the

mean K factors in—the—fourfrequeney—bands—are -0.4 dB,
0.6 dB, 3.7 dB, and 5.8 dB :—these—values—are—less—in the

Mwmwthan those in  the
office campus seerarioenvironment, where the mean K factors
are all—greater than 6 dBin—eS—eases. The abundance of
multiple—paths-multipaths in the conference room leads to a
complex communication environment. Empirically, the CSIM
is negatively correlated with the complexity of the propagation
environment. The more complex the propagation environment
is, that is, the smaller the K factor is, the lower the site-specific
frequency similarity tends to be.

SearehPolarization Similarity Analysis
The channels obtained under different TX-RX antenna

polarization _configurations are combined to_calculate the
polarization _similarity. _The _simulated CCDFs_of _the
similarities between the two polarizations are shown in Fig. 7.
The similarity between channels with different polarizations
maximum polarization similarity is less than 80%, and with
both the conference room and the office campus environments.
There is_a_ significant_gap of more than 10_percentage
points between_the polarization similarity of the mmwave

Fig. 7. Simulated CCDPs of the CSIM across different polarizations, The
four colors blue, red, yellow, and green represent four frequency bands, i.e.,

3 GHz, 5 GHz, 28 GHz, and 37.5 GHz, respectively, whereas the solid
lines and dashed lines represent the conference room and the office campus

1

09

0.8

0.7

0.6

05

CCDF

04

0.3

0.2

0.1

37.5GHz Y

0 | |
0 10 20 30 40 50

CSIM (%)

channels and that of the sub-6 GHz channels. In_addition,

the polarization similarities of all four frequency bands in the
indoor scenario are greater than those of the corresponding
bands_in_the outdoor scenario; this is_mainly because in
the indoor_environment, especially at lower frequencies, the
abundant multipaths have more opportunities to interact with
the possibility of polarization torsion, and then increases the
similarity between the two orthogonal polarizations.

C. Environment Similarity Analysis

Fig. 8 shows the CCDFs of the similarities between two
propagation environments based on the channel characteristics.
Before calculation, all the channels are aligned based on the
strongest path_so_that the differences in_propagation delay

due to the relative locations of the transceivers are excluded.

Obviously, the similarities between the mmWave channels are

http://mc.manuscriptcentral.com/tap-ieee
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Fig. 9. Measurement-based analysis of AAoA-dimensional channel similarity between 5 and 37.5 GHz, where the hollow and solid stars represent the optimal

beam directions for sub-6 GHz and mmWave channels in the same RX location, respectively. (a) Successful case in the office campus environment; (b)
Non-successful case in the conference room environment; (c) Non-successful case in the office campus environment.

less than those between the sub-6 GHz channels. An increase

is_due to the multipath sparsity of the mmWave channels,
highlighting the importance of the direct path (the strongest
path), which can also be explained by the K factor. In higher
frequency bands. especially in LoS scenarios, the mismatch of
direct paths leads to a sharp decline in the similarity of the
two channels, that is, the two channels tend to be orthogonal.
The large variances of CSIMs indicate that the mmWave
channels are easily affected by the propagation environment
and the transceiver locations. The channel similarities obtained

at different RX positions are quite different even in the same
scenario. However, in_the sub-6 GHz bands, the abundant
multipath extends the incoming wave direction, which makes
the channels have a higher correlation in the spatial domain.
In_other words, the channel similarity between the two
propagation environments is weak at less than 50%. The large
differences indicate that signal processing algorithms, such as
the beam-searching strategy, need to be designed separately

with respect to their environmental characteristics.

D. Feasibility of Out-of-Band Information-Assisted Beam

Search

A relationship is established between the proposed CSIM
and the beam direction differences across multiple frequency

bands to explore the feasibility of an-out-of-band information-
assisted beam search. The EFsub-6 GHz/HF-combination
mmWave band combinations of 5/37.5 GHz is—chesen—are
used for the analysis. The measured discrete MPCs are filtered
by the ideal 3GPP beam patterns with different HPBWs
in—acecordanee—with—according to the carrier frequency. The
beamwidths-beam widths are set to 30° and 10°, respectively;
thu@—fhe—avef&geﬂﬂgiﬁ&ﬁfe%e}uﬁeﬁwHe—hefe If the
difference between the optlmal beam directions for-of the two
frequency bands is less than 19r, itis-eonsidered-that-the spatial
information provided by the out-of-band channel is benefieial
for-a-beamsearch-tn—considered beneficial to the beam search
at_the target frequency band. In other words, only the iﬁr
range centered on the optimal beam direction for-of the out-
of-band channel needs to be searched to find-obtain the optimal

direction for-the-target-band-of the target band channel, which

will-greatly-reduee-greatly reduces the beam training overhead.
Fig. 9(a) shows an example in the office campus seenatio-

T—ean—be-observed-that-the-environment. The optimal beam
directions at 4-.8-GHz-and-at-3 GHz and 37.5 GHz are-welt
matehed;-with-a-match well with the 0.2° direction difference,
and the corresponding CSIM is 96:085.4%.

However, EF-the sub-6 GHz channels may provide inac-
curate or even incorrect spatial information in some cases.
In-As shown in Figs. 9(b) and 9(c), the AAoA-dimensional
CSIMs between the EF-and-HFE-channels-are-93-2%and-83-6%:
respeetivelysub-6 GHz channel and the mmWave channel is
77.2%. There are two main reasons for sueh-a-the difference
in beam direction. One is the different angular resolutions of
the EFsub-6 GHz/HF-mmWave systems. This type of angle
mismatch is more common in indoor environments when
the RX is close to a—reflector—in—which—ecase—two—MPCs
may—the reflector, where two MPCs reach the RX with an
angle difference approximately equal to the beamwidthbeam
width. As shown in Fig. 9(b), the optimal beam directions
formed by two MPCs with similar pewer-levels-powers after
beam filtering can be etearly—obviously distinguished, with
a difference of 20.2° ;—slightly greater than 1§r. Fortunately,
the two channels remain highly similar under this condition,
and the optimal direction can stib-be obtained with enly—a
small extension of the search range. The other type of angle
mismatch often occurs in—-tew—SNR—at low_signal-to-noise
ratio (SNR) RX locations where the forward link is blocked.
The channels shown in Fig. 9(c) were measured along—on
Route I in the office campus seerario;—where—enyironment,
and the direct path ts—ebsfrueteé«by—fh&“msd)wwsvtvrgg@\w
dense foliage. The EF-sub-6 GHz signals can still pass through
the foliage to reach the RX. However, with an-inerease-in-the
increasing carrier frequency, the-vegetation-induced-vegetation
attenuation becomes increasingly strongsevere, resulting in the
signal strength of the forward link being lower than that of
the backward link from the glass curtain wall. Henee;-the-The
channel similarity is greatly weakened, and the large difference
in beam—direction—means—that-the LHE-spatial-infermation—ean
make—no—meaningful-contribution—to—the-HF-beam-—searchthe
beam direction results in the sub-6 GHz spatial information
not_contributing to_the mmWave beam search, which is the
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Fig. 10. Linear fittings of the beam direction difference vs CSIM between
2.and 37 GHz in (a) the conference room and (b) the office campus
simulated and measured results, the shaded area contains 95% of the cases,

worst-case.
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Iy By traversing all
channel combmatlons at 5 GHz and 37.5 GHz in both
seenarios—environments, the relationships between the beam
direction differences and the CSIM are shown in Fig. 10.
H—is—obvious—that—the—A_reasonable beam search range
threshold is provided to _balance the beam search overhead
and minimize the worst cases like Fig. 9(c). The success
rate of an-the out-of-band information-assisted beam search

depends—on—the-environmentis environmentally dependent. In

the indoor conference room, the mean and variance of the
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Fig. 11. Simulated CCDFs of the CSIM across 5 GHz and 37,5 GHz channels

beam direction difference decrease as-the-CSHvinereaseswith
increasing CSIM; that is, the higher the channel frequency
similarity is, the smaller the beam range thatneeds—to be
searched to find the optimal beam direction. When the €ESHM
is-CSIMs are maintained above approximately 86%, an-out-of-
band information-assisted beam search can be wett-effectively
applied at almost all the RX locations, as—with the optimal
beam direction indeed—ties—obtained in the 1 x J, range.
However, in the outdoor environment, the CSIMs in the LoS
and OLoS/NLoS scenarios exhibit-have different character-
istics, as shown in Fig. 10(b). For the LoS seenario;—the

beampeointing-scenarios, the beam pointing difference has an
obvious linear relationship with the CSIM—This—is—because

in-an-open—environment-with-no—oecelusion;—;_this is because
the strength of the direct path is much greater than these

that of the reflected paths in_an open environment with no
occlusion, and the multiple paths are sparse, resulting in the
difference from—in the direct path determining the CSIM to
a large extent. However, when the direct path is attenuated
by foliage or completely blocked by buildings, the—presence

of-many-MPEs-many multipath scattering_components with
similar strengths ean-—easily lead to an—angle-mismatehangle
mismatches. Thus, compared with the indoor propagation en-
vironment, atarger-search-interval-is-eftenneededfor-channel

pairs with the same CSIM often need a larger search interval in
the outdoor environment to successfully align the beamin-the

outdoor—environment. Based on the-above—conelusionsabove
conclusions, and the statistical results fer—of the simulated
and measured CSIMs reported—in subsection IV-A, EF-the
sub-6 GHz spatial information is useful for HE-mmWave beam
training.

In addition, both the CSIM and the—beam direction are
affected by the beamwidth-beam width of the communication

http://mc.manuscriptcentral.com/tap-ieee
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system. Fig. 11 shows the simulated CCDFs of the CSIM
across the 5 GHz and 37.5 GHz channels under different EF
channel-beamwidths—beam widths (i.e., 10°, 20°, 30°, 40°,
50°, and 60°) of the sub-6 GHz channel, where the beamwidth
of—the—HF-beam width of the mmWave channel is 10°. As
mentioned above, the narrower the beamwidth-beam width is,
the more stringent the similarity conditions for a pair of MPCs
since their beams need to be aligned enough to overlap. The
effect of the beamwidth-on-the-channet-overtap-beam width on
the channels in the indoor environment is greater than that in
the outdoor environment, which is also related to the channel
sparsity in the outdoor environment. The wider the EF-channel
beamwidth-sub-6 GHz channel beam width is, the larger the
CSIM that wderwe&%é&m%fh&geﬁe&%g%@weﬂ
thus increasing the success rate of searching for the optimal
HFE-mmWave optimal beam direction within J,; however, &
lewer—the low resolution means that less—information—is—the

Wrowded by the bllehaﬁﬂel—ﬂeee%ﬁa&ﬁgﬁ

larger-search-range—sub-6 GHz channel, the larger the search
range needed for beam alignment.

E Multionvi Similari i

V. CONCLUSION

In this paper, a multidimensional CSIM based on structural
multipath information is-has been proposed for the universal
evaluation of channel similarities. By accounting for the phys-
ical characteristics of the channels, the proposed CSIM ean
provide-provides a clear quantitative evaluation in one or more
dimensions rather than merely-a vague visual judgment. Sim-
ulated and measured channel data from two typical seenarios

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION

environments (a conference room seenario—environment and
an office campus seenarioenvironment) in four frequency
bands are used to analyze and verify the performance of the
proposed CSIM. The statistical distributions of the CSIM ean
be-were investigated to explore the similarities across different
frequency bands in different environments. The results show
that the-cross-band similarity is mainty-related-related mainly
to the frequency interval and the-environmental-environment
complexity. In general, targerlarge frequency intervals and
richer—multipath—eonditions—wit-rich multipaths weaken the
channel similarity. In addition, the feasibility of an-out-of-band
information-assisted beam search based-en-the-on the basis of
cross-band CSIM is preliminarily investigated. Ht-is-found-that
The out-of-band information ean—help-helps reduce the beam
training overhead to some extent, but it is more critical to
update the search strategy in—aceordance—with—according to
the environmental characteristics. The low similarity between
these two seenarios—environments also illustrates that signal
processing algonthms designed—for—one—seenario—cannot be
blindly applied in—another——unrelated—seenariofrom another
unrelated environment.

In-For future work, using the-similarity-between—channels
channel similarity is expected to significantly reduce the

computational overhead of beam searching. On the one
hand, the channel similarity index can be improved by

considering more dimensions, such as the—pelarization—and
DepplerdimensionsDoppler, as well as the actual antenna array
patterns as—a—basis—for-developing—for dynamic multidimen-

sional channel similarity measures. More statistical perfor-
mance analyses across multiple frequency bands and multiple
seenarios-environments based on extensive field measurements
will-also—need to be pursued—performed to provide prior
knowledge for the creation of highly efficient beam manage-
ment strategies. On the other hand, developing a portable and
highly efficient beam management strategy by fully exploring
and utilizing the eorretations—correlation between propagation
environments may-atso-be-is also of interest.
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