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ABSTRACT Future wireless communication systems will extend the employed frequency bands from
sub-6 GHz to millimeter wave (mmWave) bands to achieve higher data rates. To investigate different
propagation characteristics between sub-6 GHz and mmWave bands in indoor environments, it is essential
to conduct multi-band channel measurements. In this work, we perform dynamic channel measurements
using a measurement setup that enables comparing sub-6 GHz and mmWave bands in a fair manner.
Measurements are conducted in an indoor environment at center frequencies of 2.55 GHz and 25.5 GHz
at transmitter velocities of 50 km/h and 100 km/h. Based on the acquired measurement data, we conduct a
comparative analysis of the multi-band propagation characteristics. Specifically, we compare the channels
in terms of root-mean-square (RMS) delay spread, Rician K-factor, RMS Doppler spread and RMS
angular spread. Additionally, we evaluate the system performance at both frequency bands in terms of
achievable spectral efficiency derived from the measured channels. Our results show that differences in
delay-domain parameters (RMS delay spread and Rician K-factor) and angular-domain (RMS angular
spread) are relatively minor and are unlikely to significantly impact system design. However, the RMS
Doppler spread increases proportionally with carrier frequency and transmitter velocity, causing channel
state information (CSI) at mmWave frequencies to become outdated much more rapidly. This imposes a
substantial performance limitation for mmWave systems in dynamic scenarios.

INDEX TERMS millimeter-wave, sub-6 GHz, radio propagation, channel measurement, indoor scenario,
performance evaluation.

HE amount of global mobile data traffic is growing
rapidly and is expected to reach around 450 exabytes
per month by 2030 [2]. A significant portion of this growth
is driven by emerging indoor wireless applications, such
as ultra-high-definition video streaming, high-resolution vir-

tual/augmented reality (VR/AR) and environmental moni-
toring [3]. These applications require extremely high data
rates, which are difficult to support with conventional sys-
tems operating in the sub-6 GHz frequency bands due to
spectrum limitations. A promising solution to meet this
growing demand for high transmission rates is the utilization
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of mmWave frequency bands (24 GHz — 300 GHz) [4], which
offer significantly larger bandwidths compared to sub-6 GHz
systems [5], [6]. Thus, the development of mmWave commu-
nication systems is attracting increasingly more attention [7].

While mmWave systems offer significant benefits in terms
of available bandwidth and achievable data rates, these
advantages come with notable challenges. In contrast to
sub-6 GHz frequencies, the propagation characteristics of
mmWave signals differ substantially due to their much
shorter wavelengths. For instance, a mmWave signal at
25 GHz experiences an isotropic path loss approximately
20dB higher than a signal at 2.5 GHz, as described by the
Friis free-space equation [8]. Additionally, mmWave signals
are more sensitive to dynamic blockage from obstacles such
as the human body, further limiting their reliability and
coverage [9].

Therefore, mmWave systems are increasingly being inte-
grated with sub-6 GHz systems, which benefit from more
favorable propagation conditions and therefore offer more
reliable coverage. Leveraging both frequency bands in a
cooperative multi-band communication system allows for
increased overall capacity while maintaining robust cover-
age and reliability [10]. Furthermore, reliable out-of-band
information from the sub-6 GHz band can be exploited to
aid link establishment and beam alignment in the mmWave
band [11]-[15]. Since the channel characteristics fundamen-
tally determine the performance limits of a communication
system, it is essential to understand how these character-
istics evolve across frequency bands - from sub-6 GHz to
mmWave. Achieving this requires carefully designed channel
measurements across sub-6 GHz and mmWave bands to
ensure fair and consistent comparisons. The insights derived
from such multi-band studies are crucial for developing ac-
curate multi-band channel models and guiding the design and
deployment of future multi-band communication systems.

A. State-of-the-Art

Numerous comparative multi-band studies based on channel
measurements in various environments have already been
presented in the literature. For instance, the work in [16] in-
vestigates multi-band channel characteristics at 4 and 61 GHz
in outdoor line-of-sight (LOS) and non-line-of-sight (NLOS)
conditions. In [17], the authors analyze channel character-
istics across 3.3, 6.5, 15 and 28 GHz using measurements
from outdoor urban micro and outdoor-to-indoor scenarios.
Several studies also examine sub-6 GHz and mmWave chan-
nels in vehicular scenarios. Specifically, [18]-[21] focus on
vehicle-to-vehicle (V2V) scenarios, while [22]-[25] investi-
gate vehicle-to-infrastructure (V2I) scenarios. Additionally,
multi-band propagation characteristics in industrial environ-
ments are analyzed in [26], [27].

In indoor environments, sub-6 GHz and mmWave chan-
nels have largely been characterized through separate mea-
surement campaigns, which limits the direct comparability
between the two frequency bands. Numerous studies have

focused on sub-6 GHz indoor channel measurements [28]—
[40], while the majority of mmWave indoor measurement
and modeling efforts have been conducted at 60 GHz [41]-
[47] and 25-28 GHz bands [48]-[56].

In addition to these separate investigations, several multi-
band indoor measurement studies have emerged [57]-[63].
For example, Anderson et al. [57] analyze path loss and
multipath delay spread at 2.5 and 60 GHz based on measured
data. Koymen et al. [58] present results from indoor mea-
surements conducted at 2.9 and 29 GHz, including analysis
of path loss, excess delay and root-mean-square (RMS) delay
spread. Furthermore, Virk et al. [59] compare power angular
spectra at 2, 15, 28 and 60 GHz. The authors in [60] study the
frequency dependency of the RMS delay spread using multi-
frequency measurements ranging from 2 to 86 GHz in indoor,
outdoor and outdoor-to-indoor scenarios. De Jong et al. [61]
report on double-directional indoor measurements conducted
at seven frequency bands between 2.4 and 61 GHz, analyzing
path loss, shadow fading, RMS delay spread and angular
spreads. Jiang et al. [62] present indoor and outdoor mea-
surements at 3.5 GHz and 28 GHz, focusing on the number
of clusters, inter-cluster intervals and intra-cluster RMS
delay spread. Moreover, Zhang et al. [63] investigate the
composite and cluster-level channel characteristics based on
measurements obtained in a classroom and a hall indoor
scenarios at 2-4 GHz, 9-11 GHz and 27-29 GHz.

The indoor measurements discussed above primarily focus
on a single analysis domain - either the delay domain or
the angular domain - with only [58], [61], [63] addressing
both. Additionally, most of these studies are conducted in
static indoor scenarios, without accounting for movement of
the transmitter, receiver, or scattering objects. Another often
overlooked aspect is the relative positioning of antennas
across different frequency bands. A physical separation of
just a few centimeters can correspond to multiple wave-
lengths at mmWave frequencies, introducing spatial offsets
that may affect small-scale fading and significantly distort
the resulting channel statistics.

B. Contributions
This paper makes the following key contributions:

e We conduct multi-band channel measurements with
a moving transmit antenna using the measurement
setup proposed in [64]. Our measurement setup enables
dynamic channel measurements at different frequency
bands while maintaining identical transmit and receive
antenna positions as well as the same transmit antenna
velocity. This ensures repeatability and allows for a
fair comparison of time-varying channel characteris-
tics across different frequency bands. The measure-
ments have been conducted at the center frequency
of 2.55GHz and 25.5 GHz and transmitter velocity of
50km/h and 100 km/h at 126 different spatial positions
in an indoor environment. This scenario reflects pri-
vate industrial networks operating indoors at both sub-
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6 GHz and mmWave frequencies. In this context, high
mobility refers to fast-moving and rotating mechanical
components of industrial machines that are intended to
communicate with static control systems.

e We perform a comparative statistical evaluation be-
tween sub-6 GHz and mmWave frequency bands based
on a set of collected measurements, extending our pre-
vious work from [1]. Our evaluation considers three do-
mains of analysis: delay, Doppler and angular. Specif-
ically, we compare different frequency bands in terms
of RMS delay spread, RMS Doppler spread and Rician
K-factor. Furthermore, we exploit time snapshots as
elements of a virtual antenna array (VAA), enabling a
comparative analysis of RMS angular spreads between
sub-6 GHz and mmWave channels. Moreover, we pro-
vide a comprehensive comparison of estimated channel
parameters - specifically RMS delay spread and RMS
angular spread - based on existing indoor measurement
studies, alongside our own measurement results.

e Using measured channel data, we evaluate the system
performance in terms of achievable spectral efficiency
(SE) at both, sub-6 GHz and mmWave bands. Utilizing
the VAA, we analyze the impact of the number of
antennas and the use of precoding on performance in
time-varying channels.

C. Organization

The remainder of the paper is structured as follows. Sec-
tion II describes the measurement setup and outlines the
procedure used to conduct comparable multi-band chan-
nel measurements in an indoor environment. Section III
details the statistical evaluation of the channel parameters
and presents the results in terms of RMS delay spread,
Rician K-factor, RMS Doppler spread and RMS angular
spread. Section IV evaluates the system performance based
on the measurement data, focusing on the achievable SE.
Finally, Section V concludes the paper.

D. Notation

The superscript (-)(b) represents frequency-band dependent
values, where b € {s,m}, with s referring to the sub-
6 GHz and m to the mmWave band. Scalars are denoted
by x, vectors by bold lowercase letters x and matrices b%/
bold uppercase letters X. The superscripts ()T and ()
represent transpose and Hermitian transpose, respectively.
The Euclidean norm is represented by ||-]|.

Il. Multi-band Channel Measurements

In this section, we present our multi-band indoor channel
measurements. We begin by describing the measurement
setup in Section II-A. Subsequently, in Section II-B, we
outline the measurement campaign and the procedure used
to ensure comparable multi-band channel measurements in
an indoor environment.
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FIGURE 1. The measurement setup is designed to compare sub-6 GHz
and mmWave channels in a controlled dynamic environment [64]. At the
end of the rotating arm, either a sub-6 GHz antenna or a mmWave
transmitter with an integrated antenna is mounted.

A. Measurement Setup
Our measurement setup, as detailed in [64], employs a mov-
ing transmitter and a static receiver, enabling repeatable sub-
6 GHz and mmWave channel measurements at high veloci-
ties of up to 400 km/h. The moving transmitter is mounted
on a rotary unit [65]-[67] that spins a 1 m long arm around
a central axis at a constant speed, with an antenna attached
to the arm’s end (see Fig. 1). The rotary unit incorporates a
trigger mechanism which initiates a measurement once per
revolution by generating a pulse at a configurable angle of
the arm. Two rotary joints deliver signals from a fixed source
to the rotating transmit antenna. The entire rotary unit is
mounted on a sliding platform, allowing lateral movement
of 33 cm along the x-axis and 81 cm along the y-axis. This
lateral mobility of the rotary unit enables measurements at
different transmitter positions within the plane. The accuracy
and repeatability of the proposed setup have been quantified
in [68], demonstrating its capability to repeat experiments
with negligible uncertainty.

Sub-6 GHz: The transmit signal is generated directly at
a center frequency of fc(s) = 2.550 GHz using the arbitrary
waveform generator (AWG) (Keysight M8195A), as illus-
trated in Fig. 2a. The signal is then passed via the rotary
joint to the omnidirectional monopole antenna that is fixed
at the end of the rotating arm (see Fig. 3a). At the receiver,
a horn antenna with half-power beamwidth (HPBW) of 30°
is used. The received signal is first amplified by a low
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(a) Sub-6 GHz: The transmit signal is generated at a center frequency

of fc(s) = 2.55 GHz and passed via a rotary joint to a monopole antenna.

| E—
I battery

5V

Y

rotary
joint 1

CW signal 10 GH

generator

rotary
arm

rotary
joint 2

arbitrary 5 GHz monopole
waveform antenna
generator IF

100 MHz reference clock

v

22 GHz | CW signal
generator
25.5 GHz channel l
- to be SO unded ........ signal
analyzer
horn LNA mixer
A

antenna

L‘ trigger unit

(b) Millimeter-wave: The transmit signal is generated at an intermediate
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frequency (IF) of fip’ = 5.5GHz, passed via a rotary joint to a mmWave

transmitter, where it is up-converted to a center frequency of fc(m) = 25.5GHz and then passed to a monopole antenna.

FIGURE 2. The sub-6 GHz and mmWave measurement setups utilize a moving transmitter and a static receiver.

noise amplifier (LNA) (Mini-Circuits ZX60-P105LN+) and
subsequently captured by a signal analyzer (Guzik Digitizer
ADP7104), which serves as the receiver. The captured signal,
in the form of I/Q samples, is subsequently transferred from
the signal analyzer to a hard disk for storage.

Millimeter Wave: Direct signal transmission to the ro-
tating transmit antenna is not feasible due to the frequency
limitations of the rotary joints used (Sage Labs 344F), which
support signal frequencies only up to 12.4GHz. To en-
able mmWave signal transmission, a custom-build mmWave
transmitter with an integrated omnidirectional monopole
antenna is employed and mounted at the end of the rotating
arm, as detailed in [64], [69] and illustrated in Fig. 3b.

The mmWave transmitter performs frequency up-
conversion based on intermediate frequency (IF) and local
oscillator (LO) inputs. The IF signal is generated by the
AWG, while the LO is provided by a continuous wave
(CW) signal generator (R&S SMA100B). Both signals are
delivered to the mmWave transmitter via two rotary joints,
as shown in Fig. 2b. An internal frequency doubler within
the mmWave transmitter doubles the LO frequency before
mixing it with the IF signal, resulting in a radio frequency
(RF) output defined as

Fom = o plm) 4 plm), (1)
(m)

Specifically, with an IF of fi 5.5GHz and a LO
frequency of f(rg) = 10GHz, the resulting RF center
frequency is f™ = 25.5GHz.

As in the sub-6 GHz setup, the mmWave receiver employs
a horn antenna with HPBW of 30°. To ensure a fair com-
parison between the sub-6 GHz and mmWave measurements,
antennas with comparable radiation patterns are employed,
i.e., monopole antennas at the transmitter and horn antennas
at the receiver. The received signal is first amplified by
an LNA (RF-Lambda R24G40GSB), then down-converted
using a mixer (Mini-Circuits ZMDB-44H-K+), with the LO
signal provided by a CW signal generator (R&S SMF100A).
The resulting IF signal is subsequently fed to the signal
analyzer.

Synchronization: Precise frequency synchronization is
achieved by interconnecting the AWG (transmitter) and the
signal analyzer (receiver) with a 100 MHz reference. Simi-
larly, precise time synchronization is ensured by distributing
the trigger pulse from the trigger unit to both the AWG and
the signal analyzer via coaxial cables.

B. Measurement Campaign

Using the measurement setup from Section II-A, we conduct
wireless channel measurements in an indoor environment
(see Fig. 4). The transmit antenna is placed in a smaller
room and is moving with a constant velocity at the rotary
unit (see Fig. 1). The receive antenna is positioned in a larger
room approximately 7.5 m away from the transmit antenna
and remains static on a laboratory table. We conduct mea-
surements at center frequencies of 2.55 GHz and 25.5 GHz,
velocities of 50km/h and 100km/h, and different positions
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(a) Sub-6 GHz: monopole antenna (left) and connectors (right) with one
connector for transmit signal and three connectors for mechanical stability.

(b) Millimeter-wave: monopole antenna (left) and transmitter (right) with
connectors for IF and LO signals, along with two additional connectors for
power supply.

FIGURE 3. The sub-6 GHz and mmWave setups employ a monopole
transmit antenna.

according to the rectangular grid shown in Fig. 4. Measure-
ment scenarios and corresponding parameters are provided
in Tab. 1. Specifically, scenarios A-D combine two carrier
frequencies with two velocities: scenario A - 2.55 GHz,
50km/h; scenario B - 2.55GHz, 100km/h; scenario C -
25.5 GHz, 50 km/h; scenario D - 25.5 GHz, 100 km/h.

To compare measurements at different velocities and dif-
ferent frequency bands in a fair manner, we satisfy two
criteria:

e Firstly, we need to ensure a static fading environment.
To achieve this, we carry out the entire measurement
campaign within a 2-hour time window, during which
there is no human presence or movement in the room.

e Secondly, we need to ensure that the channel mea-
surements in all scenarios are conducted along the
identical transmit antenna trace and at the identical
receive antenna position. To achieve this, the rotating
transmit antenna moves along the same trace (from
—40° to 40°), transmitting an equal number of symbols
for all scenarios. Specifically, a short symbol duration
of 1 s is used for high-velocity measurements, while a
long symbol duration of 2 s is selected for low-velocity
measurements (see Tab. 1).

VOLUME ,

TABLE 1. Channel Sounding Parameters

Parameter Value
Bandwidth B [MHz] 100
Delay Resolution A7 [ns] 10
Number of Symbols K 50000
Number of Snapshots Ksnap 500
Number of x-axis Positions Ny 7
Number of y-axis Positions Ny 18
Transmit Power Pr [dBm] 10
Measured Arc Segment A [°] 80
Rotation Radius rarm [m] 1
Snapshots per Stat. Region Lgsnap 250
Scenario-specific Parameter A B C D
Carrier Frequency f. [GHz]  2.55 2.55 25.5 25.5
Wavelength A [cm]  11.7 11.7 1.17 1.17
Tx Velocity vy [km/h] 50 100 50 100
Number of Subcarriers N 200 100 200 100
Subcarrier Spacing A f [kHz] 500 1000 500 1000
Symbol Duration s [us] 2 1 2 1
Snapshot Duration tsnap [us] 200 100 200 100
Measurement Duration ¢, [ms] 100 50 100 50
Max. Doppler Shift vmax [Hz] 118.1  236.2 1181 2362

Note that the angular position of 0° corresponds to the di-
rection normal to the floor. Given the measured arc segment
of A( = 80° and a rotation radius of r,.,, = 1m, the
corresponding arc length is given by
™
I = Tarm AC 180 ~1.4m. 2)
Measurement Procedure: We transmit a sequence of
K = 50000 identical orthogonal frequency-division mul-
tiplexing (OFDM) transmit symbols as channel-sounding
signal while the transmit antenna moves from —40° to 40°
at the rotary unit. The transmit symbols are designed using
a Zadoff-Chu sequence to keep the peak-to-average power
ratio (PAPR) low [70]. A frequency-domain transmit symbol
is given by 2
x(P) [n] = e_wm, 3)
where n € {-N®)/2 ... N®)/2 — 1} denotes the sub-
carrier index. At the receiver, the measurement sequence
is grouped into K., = 500 snapshots, each consisting
of 100 OFDM symbols. This grouping is made under the
assumption that the wireless channel between the moving
transmit antenna and the static receive antenna remains time-
invariant over the duration of a single snapshot. Further,
the first OFDM symbol of each snapshot is discarded, as it
serves as a cyclic prefix. To enhance the signal-to-noise ratio
(SNR), the remaining 99 symbols are averaged, resulting
in an SNR improvement of approximately 20 dB. Following
OFDM processing, the wireless channel is estimated across
all subcarriers using least-squares (LS) estimation as follows:

y® [n, k]

H® [n,k] = 22— —
k= [ 5 [n]

“
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FIGURE 4. Measured indoor environment [1]. The moving transmit antenna and the statical receive antenna are located in neighboring rooms. The
detailed view of the measured positions shows the transmit antenna position when passing 0° of the measured arc segment.

where x(®) [n] is the known Zadoff-Chu OFDM transmit
symbol, y®) [n, k] is the received OFDM symbol after
averaging and ﬁigf [n] represents the calibration transfer
function of the RF chains for each subcarrier. The cal-
ibration function is obtained by directly connecting the
transmitter and receiver using attenuators and measuring
the channel transfer function (CTF). This procedure yields
the time-variant CTF H{ [n, k] for frequency (subcarri-
ers) n € {—N® /2 . N®) /2 _ 1} and snapshots k €
{=Ksnap/2, - .., Kenap/2 — 1}. Note that the obtained time-
variant CTF H{ [n, k] corresponds to a single transmitter
position in space (see Fig. 4). Measurements are conducted
at N, positions along the x-axis and N, positions along the
y-axis, according to the rectangular grid from Fig. 4, where
x € {1,...,N¢} and y € {1,..., N, }. For readability, the
spatial position indices x and y are omitted and will be
explicitly introduced when necessary.

SINR Estimation: In addition to the comparative analysis
of the channel characteristics in Section III, we also assess
the system performance in terms of SE in Section IV. Since
SE fundamentally depends on the signal-to-interference-and-
noise ratio (SINR), we require a reliable estimation of the
SINR. This allows us to quantify the impact of interference
and noise on achievable data rates.

Our measurement setup operates at center frequencies of
2.55GHz and 25.5 GHz, corresponding to the fifth gener-
ation (5G) new radio (NR) frequency bands n7 and n258,
respectively [71]. Operating within these standardized bands
exposes the system to potential interference from external
transmitters, as the setup is not deployed in an anechoic
environment with RF isolation. To enable SINR estimation,
we set the central subcarrier of the transmit symbol x(®) [n]

to zero, i.e., x(® [0] = 0. At the receiver, the SINR is then
estimated from the received symbols for each spatial position
by

1 2 ~
T O P k|~ 2 (4
Vn —
n#0 interference + noise
~ signal + interference + noise
For (K] = —= = :
Ow1®) (k]
———

interference + noise

) &)
where 62 ) [k] = [y [0, k]| denotes the estimated power
of the noise-plus-interference. After estimating the SINR,
the received symbol at the central subcarrier is approxi-
mated using nearest-neighbor interpolation, i.e., y(®) [0, k] =
y(®) ELI{}. The estimated SINR for the sub-6 GHz band
is %) [k] ~ 22dB, while for the mmWave band it is
7 k] ~ 11 dB.

wl

lll. Comparative Channel Analysis

In this section, we perform a comparative analysis of
channel parameters between the sub-6 GHz and mmWave
bands. We begin by post-processing the measurement data
in Section ITI-A to obtain the time-variant local scattering
function (LSF), power delay profile (PDP) and Doppler
power spectral density (DSD). This is followed by delay-
domain analysis in Section III-B, Doppler-domain analysis
in Section III-C and angular-domain analysis in Section III-
D, each accompanied by the corresponding results. Finally,
Section III-E compares our results with those reported in the
existing literature.
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A. Measurement Data Post-Processing

Every measured time-variant CTF is contaminated by addi-
tive noise, which can bias the estimation of channel param-
eters. To mitigate this, we employ the following approach to
remove the only-noise samples from the measured CTFs.
We first convert the time-variant CTF H{’ [n,k] to the
delay domain f{'Sj’ ) [T, k], using the inverse discrete Fourier
transform (IDFT). For each snapshot, the noise floor N, (5};3 [7]
is estimated independently by the median, following the
procedure described in [72]. A threshold ANdb) is then
applied and all the values below ng[ ] = N [ +an )
are set to zero, as follows:

~ ~ 2 _
B [k, i [HD (k][ = Vgl

0, else

H® [r, k] =

(6)
As detailed in [73], setting a threshold reduces the probabil-
ity of interpreting noise samples as valid signal components
In our analysis, we use a fixed threshold of A/\/ ag = 6dB
for all scenarios, following one of the evaluated options
presented in [73]. Finally, we transform the time-variant
channel impulse reiponse (CIR) H®) [r k] back to the
frequency domain H() [n, k], using the discrete Fourier
transform (DFT).

To analyze the time-frequency dispersion, we characterize
the channel by the LSF using the concept from [74], [75].
For each measured scenario, we assume that the channel is
locally stationary across the entire frequency range and over
a window of Lg,,, = 250 snapshots. Given the measured
arc length of /,, =~ 1.4m and a total number of snapshots of
Knap = 500, the window of Ly, snapshots correspond to
a spatial segment of

lsnap = ZLLSnap = 70cm. @)
Ksnap

This assumption is supported by a stationarity analysis of
similar data collected in the same measurement environment
presented in [76], which identified a spatial region of 70 cm
with collinearity values above 0.8 for both sub-6 GHz and
mmWave frequency bands. Note that the collinearity metric
is bounded between 0 and 1, where a value of 1 corresponds
to a stationary channel. The time index of each stationarity
region is | € {1,..., Ksnap/Lsnap} and corresponds to the
center of the stationarity region. To obtain multiple inde-
pendent spectral estimates from CTFs, we use the following
multitaper based estimator

(b)

_1 Ksndp _1

H(G)ZTV Z Z H® [n, k + I Lonap)
S ~N(b) k—— Ksnap
__ Keopap

. Gg)) [n7 k} 6j27r(uk7'rn)
®)

where v € {—Lsnap/2,..., Lenap/2 — 1} denotes the
Doppler index and 7 € {0,...,N (b) _ 1} represents

VOLUME

the delay index. The delay and Doppler shift resolutions

are given by A7 = 1/B and Av®) = 1/ (Lsnaptggzlp).

By applying the window function Gg) ) [n, k], the considered
CTF is confined to the single stationarity region [, thereby
minimizing the influence of other stationarity regions [75].
Without the window, contributions from neighboring sta-
tionarity regions could leak into the stationarity region of
interest [, potentially corrupting the estimate. Therefore, the
window functions G [n, k] should be well localized within
the designated support region [—N® /2 N®)/2 1] x
[—Ksnap/2, Ksnap/2 — 1]. To ensure this, we apply the
discrete-time equivalent of the separable window function
used in [75], i.e.,

G® [n, k] = u; [n +N® /2} i [k + Kaap/2],  (9)

where w = iJ + 4, ¢ € {0,...,]—1} and j €
{0,...,J —1}. The sequences u;[n] and @;[k] are selected
as the discrete prolate spheroidal sequences (DPSS) [77].
The number of tapers in the frequency and time domains is
setto I = 3 and J = 3, respectively [78]. The LSFs of each
window are then averaged to produce S® [I;7,v], as given
by
1J-1

b
SO 17,0 = JZ‘H(G)ZTV‘.

To allow for better comparability between different fre-
quency bands and different velocities, we introduce the
normalized Doppler shift vx as

v { Hz s ]
IN= o lmm = |
f(b) U’(I‘k;) HZ S m

C

(10)

1D

where v denotes the Doppler shift, fc(b) represents the carrier
frequency and v(TbX) is the transmit antenna velocity. This way,
the LSF S®) [I; 7, vy] is confined to same interval of vy for
all measured scenarios. As the LSF from (10) corresponds
to a single spatial transmitter position, we introduce here the
spatial indices x and y. The LSF of each stationarity region
[ and each spatial position x and y are then averaged to
produce the average LSF §£‘3>g [T, vn], given by

Ksnap
Lsnap N, Ny
Se(w)g [T VN} Qn'le N ZZS(b) Z,X,y; T, VN] :
Lsnap I=1 x=1ly=1

12)
The averaged LSF Sgl\),g [T vn| is shown in Fig. 5. Note
that the magnitude of deg [7,vn] is normalized such that
its maximum value corresponds to 0 dB. We highlight the
following observations. Firstly, the averaged LSF §§B)g [T, N]
remains invariant with respect to the transmit antenna veloc-
ity. Therefore, scenarios A and B exhibit nearly identical
behavior, as do scenarios C and D. Secondly, the averaged
LSFs show comparable characteristics across the different
frequency bands: the majority of the power is concentrated
within the delay values between approximately 20 and
80ns and normalized Doppler shifts ranging from —3 to
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FIGURE 5. The averaged LSF (parameterized by the normalized Doppler) remains effectively invariant with respect to the transmit antenna velocity:
scenarios A and B exhibit nearly identical behavior, as do scenarios C and D. The averaged LSFs show comparable characteristics across the different

frequency bands.

4 ns/m. Nevertheless, subtle differences between the sub-
6 GHz and mmWave bands can be observed. In addition to
the strongest channel component around (40 ns, 0 ns/m), the
mmWave scenarios (C and D) exhibit further distinct multi-
path components located around (60 ns, 2.5 ns/m) and (80 ns,
1 ns/m). This phenomenon may be attributed to the fact that
certain surfaces in the environment reflect mmWave signals
more efficiently, producing detectable multipath components
that are not present in the sub-6 GHz band. Moreover, the
channel power at mmWave frequencies decays more rapidly
with delay and Doppler shift compared to the sub-6 GHz
scenarios.

After that, we calculate the PDP as an estimate of the
expectation of the LSF over the Doppler domain, as follows:

p®) [I;7] = S(®) [; 7, N] (13)

snap o

Furthermore, we calculate the DSD as an estimate of the
expectation of the LSF over the delay domain, as follows:

~ 1 ~
DV [in] = 5y 25 ] (14
N

To allow for better comparability between different fre-
quency bands, we normalize the power of p®) [l;7] and
D®) [I;vx] so that their maximum values correspond to
0dB. Furthermore, we define the dynamic range (DR) as the
difference between the maximum power and the estimated
noise floor, increased by the applied threshold. Since the
DR varies across frequency bands due to differences in
measurement equipment, we standardize it by selecting the
smallest DR observed, ensuring a fair comparison across
all scenarios. Specifically, we set the DR to 20dB for all
scenarios and set all values outside this range to zero.
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B. Delay-Domain Analysis

We calculate the RMS delay spread o) [[] as second-order
moment of P(°) [I; 7]. The RMS delay is inversely related to
the coherence bandwidth of the channel and it quantifies the
extent of the delay dispersion of the multipath components
arriving at the receiver [79]. The RMS delay spread is given
by

S 2P ) [I; 7] S 7P®) [I; 7]
O_S_b) U] _ V1 _ o VT _ . 315)
> PO ;7] > PO 1 7]
VT VT

Based on the estimated RMS delay spread, we derive the
coherence bandwidth according to Fleury’s uncertainty rela-

tionship [80]:
gt > 1
coh ~

{0)

O] (16)
Furthermore, we estimate the Rician K-factor, which is
another important parameter to characterize frequency-
selectivity of the channel [79]. To estimate the K -factor, we
use the technique introduced in [81], based on the method of
moments (MoM) [82]. First, we calculate the power of the
time-variant channel H(®) [I;n, k] for the stationarity region
[ as

2mor

ISI({b) [lin, k] = |ﬁ(b) [l;n,k]’Q. (17)

The first moment, or the average power of the time-variant
channel, is given as

N“)) J1 Lenap

Z Z PP [lin, k] (18)

T NOL )Lbnap o

_ Lsnap
2

and the second moment of interest is the RMS fluctuation

of P [1;m, k] about Py’ [I] given by
ﬂ_ M—l
P # () 1. 2
o = |\ Nopa > (B mnR)
PRI
(19)
with
O (1n, k) = B [1n, k) — ﬁﬂ” 1. (20)

Next, the power of the constant channel term is computed

O = (@) - (o )

and the power of the fluctuating channel term is given by

(o)’

Finally, the estimated K -factor for the [-th stationarity region
is given by the ratio of the constant to the fluctuating channel
term, expressed as

2y

=Py - v ) 22)

|V(b) l]|2

B = L
1] (gl({b) [l])2

(23)
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We statistically evaluate the RMS delay spread and Rician
K -factor across all stationarity regions and spatial positions.
Specifically, we plot in Fig. 6 the empirical cumulative distri-
bution function (CDF) of the RMS delay spread o®) [1,x,v]
(Fig. 6a) and the Rician K-factor x(® [I,x,y] (Fig. 6b),
considering all stationarity regions [ and spatial positions
x and y. The corresponding mean and standard deviation
values for the different scenarios are summarized in Tab. 2.

We observe that sub-6 GHz and mmWave scenarios exhibit
similar RMS delay spread values. Specifically, at mmWave
frequencies, the mean RMS delay spread is approximately
1.48 ns (10%) larger compared to the sub-6 GHz band. This
can be explained by Fig. 5, where the mmWave channel
exhibits additional multipath components. Nevertheless, this
difference in mean RMS delay spread is negligible at system
level and is not expected to have a significant impact on
system design considerations. Both frequency bands also
show comparable standard deviation values, around 1 ns.
Moreover for the sub-6 GHz band, the coherence bandwidth
is BCO][1 2> 14.69 MHz at 50km/h and BCO} 2 15.02 MHz at
100 km/h. For the mmWave band, the coherence bandwidth
is B > 12.59 MHz at 50 km/h and B} > 12.60 MHz at
100 km/h. As expected, the coherence bandwidth is slightly
larger for sub-6 GHz, since it is inversely proportional to the
RMS delay spread.

Similarly, the mean K -factor values are comparable across
the frequency bands, although the sub-6 GHz scenarios ex-
hibit a slightly higher value - approximately 1.88 dB larger
than the mmWave scenarios. This behavior is consistent with
the RMS delay spread trends, as an increase in RMS delay
spread typically corresponds to a decrease in the K -factor
and vice versa. Again, this difference in mean K -factor is not
critical for system design in the considered NLOS scenario.
Furthermore, most estimated K -factor values lie below 0 dB,
which is expected given the presence of wall A between
transmitter and receiver. The standard deviation values for
the K-factor are also similar, although the mmWave bands
exhibit a slightly lower variability of approximately 2.6 dB.

C. Doppler-Domain Analysis

For the Doppler-domain analysis, we calculate the RMS
Doppler spread o) [[] and the normalized RMS Doppler
spread al(,l;,) [[] as the second-order moments of D®) [; 1]
and D®) [I; vy, respectively. The RMS Doppler spread is

inversely related to the coherence time of the channel, which

indicates the rate of temporal variation [79]. The RMS
Doppler spread is given by
S D0 ] (Y vDO 11
U,(,b) [l] _ Vv _ _ Vv _ (24)
DO [i;v] > D®)[i;v]
Yv Yv
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TABLE 2. Evaluated Channel Parameters

Frequency | Velocity (Scenario) Parameter
oy [ns]  [dB] o, [Hz] Ouy [ns/m] 9 [°] oy [°]
Mean  Std. | Mean  Std. Mean Std. Mean  Std. | Mean Std. Mean  Std.
50km/h (A) 14.02 112 | -1.95 346 | 48.02 6.08 1.35 0.17 | -5.68 7.89 28.10 3.33
sub-6 GHz
100 km/h (B) 14.02 1.08 | -1.96 3.29 96.03 12.10 1.35 0.17 | -5.69 791 28.08 3.33
50km/h (C) 1550 1.13 | -3.83 249 | 394.66 60.56 1.11 0.17 1.38 1046 | 27.79 4.32
mmWave
100 km/h (D) 1555 114 | -3.74 269 | 78526 117.70 1.10  0.16 1.72 10.12 | 28.18 4.31
1 1 . T
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e . mmWave - 100 km/h (D) sub-6 GHz
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FIGURE 6. The RMS delay spread and K-factor values are similar for the sub-6 GHz and mmWave scenarios and remain almost invariant with regard to

the transmitter velocity.
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FIGURE 7. The RMS Doppler spread scales proportionally with the carrier frequency and the corresponding transmitter’s velocity. The normalized RMS
Doppler spreads are comparable across the frequency bands and are almost invariant with regard to the transmitter velocity.

and its normalized version is given by

S v2D®) [1; vy S unD®) [ wx]

O'(b) [l] _ 2N _ . %N _
- > DO [l;] > DO [ ]
VYN Vun

(25)
Based on the estimated RMS Doppler spread, we quantify
the coherence time according to Fleury’s uncertainty rela-
tionship [80]:
1

27TJ,(,b)

t(b) >

coh ~

(26)

We statistically evaluate the RMS Doppler spread across
all stationarity regions and spatial positions. Specifically,
Fig. 7 depicts the empirical CDF of the RMS Doppler spread
otP) [l,x,y] (Fig. 7a) and the normalized RMS Doppler
spread a,(,bN) [l,x,y] (Fig. 7b), considering all stationarity
regions [ and spatial positions x and y. The corresponding
mean and standard deviation values for the different scenar-
ios are summarized in Tab. 2.

As expected, the RMS Doppler spread scales propor-
tionally with the carrier frequency and the corresponding
transmitter’s velocity. Consequently, Scenario A exhibits

VOLUME ,
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the smallest mean RMS Doppler spread, while Scenario
D shows the largest mean values. This trend is similarly
observed in the standard deviation values. Moreover, for the
sub-6 GHz band, the coherence time is t(s) > 4.11ms at

coh ~

50km/h and t(s) > 2.05ms at 100 km/h. For the mmWave

coh ~

band, the coherence time is t(m) > 0.59ms at 50 km/h and

coh ~

t((:glh) 2 0.31ms at 100km/h. Consistent with its inverse
relation to the RMS Doppler spread, the coherence time
in the mmWave band is significantly shorter than in the
sub-6 GHz band. Additionally, doubling the transmit antenna
velocity roughly halves the coherence time in both bands.

However, consistent with the behavior of the frequency-
selective parameters, the mean values of the normalized
RMS Doppler spread are comparable across the frequency
bands. Specifically, the sub-6 GHz scenarios show a slightly
higher mean value - approximately 0.24 ns/m (21%) larger -
compared to the mmWave scenarios. This observation aligns
with Fig. 5, where both bands concentrate the strongest
channel component around Ons/m, but the mmWave chan-
nels demonstrate a slightly faster decay in the Doppler
domain. The faster power decay of the mmWave multipath
components in the Doppler domain can be attributed to the
predominance of specular rather than diffuse components in
the mmWave band. In contrast, sub-6 GHz channels exhibit
richer scattering with stronger diffuse contributions, resulting
in a slower power decay in the Doppler domain.

In Fig. 7b, a noticeable curvature appears in the CDF
of the normalized mmWave RMS Doppler spread in the
50%-60% range. This effect arises from the presence of
two distinct clusters: one centered around 1 ns/m and another
around 1.3 ns/m. The lower cluster corresponds to channel
realizations where distinct multipath components at higher
Doppler frequencies (around 3 ns/m) are absent, leading to
a normalized RMS Doppler spread close to 1ns/m. Con-
versely, when such higher-Doppler components are present,
the normalized RMS Doppler spread shifts toward the higher
cluster around 1.3 ns/m.

Due to the spatial filtering imposed by the highly di-
rective receive horn antennas, the mean normalized RMS
Doppler spread corresponds to approximately 40% and 33%
of the maximum normalized RMS Doppler shift (/N max =
3.33 ns/m) for the sub-6 GHz and mmWave scenarios, re-
spectively. The standard deviation values of the normalized
RMS Doppler spread are also comparable, approximately
0.17 ns/m for both frequency bands.

Moreover, K-factor values as well as delay and Doppler
spreads are almost invariant with regard to the transmitter’s
velocity, despite measurements being conducted at differ-
ent times. Hence, there is a significant agreement between
different scenarios within the same frequency band. This
confirms the high accuracy and repeatability of the proposed
measurement testbed.

VOLUME

D. Angular-Domain Analysis

We further perform a comparative analysis in the az-
imuth angular domain. Using the reciprocity principle, we
model the moving omnidirectional transmit antenna as a
VAA [79]. Specifically, we interpret time-domain snapshots
as spatial samples, i.e., as virtual transmit antenna elements
(see Fig. 8). Given the static fading environment (see Sec-
tion II-B), we assume that the channel remains constant
during the acquisition of the considered spatial samples.
Given the arc length of [, ~ 1.4m and Kgnap = 500
total measured snapshots, the spatial distance between two
consecutive snapshots is given by

Adgnap = I/ Ksnap ~ 2.8 mm. 27)

To achieve an effective antenna spacing close to Ad(®) =
0.5 A(), we select every Aks(,sl)ap = 20 snapshot in the sub-
6 GHz band and every Akgﬁ;)p = 2 snapshot in the mmWave
band. This ensures comparable normalized antenna spacing
across the bands. Thus, we construct an approximately'
uniform linear VAA in the azimuth plane, denoted by

E(b) [n] = ﬁ(b) [n, kcenter + Akéll;e)zpd(b)] € CIX]VISL)’
(28)
where the antenna element positions are given by the vector

d® — {07 1. M) - 1} ~M®P /2405 (9

Given that k € {—Ksnap/2, ..., Ksnap/2 — 1}, the central
snapshot index of the VAA is chosen as kcepter = 0,
corresponding to an angular position of approximately 0°. In
this analysis, we consider the VAA with M%) = 8 virtual
transmit antenna elements. To ensure consistent angular
resolution and maintain a fair comparison across bands, we
use the same number of elements for both frequency bands,
ie., Mésx = M%f) = 8. Note that only a single receive
antenna is used in the measurement setup (Mlgi) = 1). This
modeling enables us to perform angular-domain processing
and beamforming analysis using the time-domain measure-
ments as spatially structured input.

We employ then the Bartlett beamformer [83] to perform
beamforming analysis. For a uniform linear array (ULA)
with Mr}i) = 8 elements, the HPBW of the Bartlett beam-
former is approximately given by [83]

i)

HPBW = 2arcsin <0.8911> =12.78°. (30)
Tx

In the considered indoor scenario, the RMS angular spread
is expected to exceed this beamwidth due to rich multipath
propagation caused by reflections from walls and other ob-
jects. As a result, the Bartlett beamformer provides sufficient
angular resolution to capture the structure of the dominant
angular components in the channel. We firstly stack the chan-

nel coefficients for all subcarriers and all transmit antennas

I'Note that for M%? — 8 antennas, the arc causes the VAA to exhibit

up to approximately 10% non-uniformity in the azimuth plane.
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FIGURE 8. Time-domain snapshots are interpreted as virtual transmit
antenna elements, enabling us to perform angular-domain processing and
beamforming analysis. The central snapshot index of the VAA is denoted
by Ecenter-

from h(®[n] into a single matrix F(® € CM <N Pprior

to the angular spectrum calculation, we estimate the sample

covariance matrix as [84]
~ 1 ~ ~ H
) — WH(b) (H(b)> 31)

The angular power spectrum of the Bartlett beamformer is
obtained by computing

H _
(a%z (ﬁtr)) C(b) a%z (ﬁtr)

PP (0y) = - E N )
(a(T)z wtr)) a(T)z (Vtr)
where )
—j2m Tm_ sin(Yy ) sin (bzn
all) (i) = ¢ AT O )

represents the steering vector for the trial angle-of-departure

(AoD) ¥y,. The trial angle ¥, can take Ly, potential angles
(b)

within the range of [—90°,90°]. In (33), 1y’ = 1 denotes
the radius of the rotary unit, while
) _ Ad® [ ERT R N
com rr(:) — 2 — B _|_ e I
(34)

represents a compensation angle introduced to compensate
for slight mismatches in the antenna positions within the
elevation plane. This adjustment ensures that the antenna
positions precisely follow the arc in the elevation plane, as
illustrated in Fig. 8. The normalized angular power spectrum
for the spatial position (x,y) = (1,12), located within the
corresponding environment, is shown in Fig. 9. It can be
observed that the angular power spectra are similar across
different frequency bands. Furthermore, the spectra are
largely invariant with respect to the transmitter velocity, as
indicated by the similar patterns between scenarios A and B
(sub-6 GHz) and between scenarios C and D (mmWave). In
this specific case, we observe that the majority of the power
for both frequency bands is concentrated around the 0°,
corresponding to the direction of the receive antenna, which
suggests that the main signal component passes through wall
A. Additionally, the first side lobes for both sub-6 GHz and
mmWave scenarios are approximately 7 dB weaker than the
main lobe. The angular power is dominantly concentrated

< --Wall B %
Wall A Al
:
v il
]
0°
_30° 30° Vi
mmWave sub-6 GHz
50 km/h (C) 50 km/h (A)
100 km/h (D)
-60° 60°
-90° 90°
-20 -15 -10 -5 0
P(? (19lr)

FIGURE 9. The angular power spectra are similar across different
frequency bands, with the majority of the power concentrated around 0°.
Moreover, spectra are largely invariant with respect to the transmitter
velocity.

around the main lobe, with limited dispersion into off-axis
directions. The pronounced attenuation of the side lobes
reflects the directional nature of the received signal and
emphasizes the impact of the spatial filtering introduced by
the highly directive receive horn antennas.

Furthermore, we identify the Ny highest peaks of
Plgb) (¥4r) using a simple peak-finding algorithm. The angles
at which these peaks occur correspond to the Ny = 5
strongest AoDs. In addition to extracting the AoDs, we
calculate the RMS angular spread, an important parameter
in multi-antenna systems that quantifies the degree of spatial
selectivity [8]. The RMS angular spread is given by [85]

' b2 b
 [p e

oy = 35)
! > PP (0a)
V¢r
with ) .
) e.lﬂu-pé )(19“)
P = e (36)

> P ()
VOtr

To statistically evaluate the spatial characteristics, we analyze
the detected AoDs and the RMS angular spreads across
all spatial positions. In Fig. 10, we plot a histogram of
the Ny strongest AoDs for each spatial location x and y.
Furthermore, Fig. 11 illustrates the empirical CDF of the
Ny strongest AoDs (Fig. 11a) and the RMS angular spread
01(9}3) [x,y] (Fig. 11b), considering all spatial positions. The
corresponding mean and standard deviation values for the
different scenarios are summarized in Tab. 2.

It can be observed that both the sub-6 GHz and mmWave
bands exhibit AoD values predominantly spread between
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FIGURE 10. For both bands, most power is concentrated around 0°, matching the main receive antenna direction. In sub-6 GHz, more AoDs appear on
the negative side (through wall A), while in mmWave, more AoDs occur on the positive side (towards the opened door).
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FIGURE 11. The sub-6 GHz and mmWave bands exhibit AoD values predominantly spread between approximately —20° to 20°, with very similar values

of RMS angular spread.

approximately —20° to 20°. As already indicated in Fig. 9,
the majority of the power for both frequency bands is con-
centrated around 0°, consistent with the main direction of the
receive antenna. Nevertheless, some differences between the
frequency bands are apparent. In the sub-6 GHz band, more
detected AoDs are located on the negative side (from—20°
to 0°), corresponding to propagation through wall A. In
contrast, in the mmWave band, more detected AoDs are
found on the positive side (from 0° to 20°), towards the
opened door. Additionally, at mmWave frequencies, the
mean AoD is approximately 7° larger than in the sub-6 GHz
band. The standard deviation values of the AoDs are around
7.9° for the sub-6 GHz band and around 10° for the mmWave
band. Regarding the RMS angular spread, both bands exhibit
very similar mean values, around 28°, with only a difference
of 0.3° between them. However, the mmWave bands show
slightly higher deviation, with standard deviation values of
4.3° compared to 3.3° for the sub-6 GHz band. These results
indicate that, despite the different propagation characteristics
at sub-6 GHz and mmWave frequencies, the overall spatial
characteristics — in terms of AoD distributions and angular
spread — remain remarkably similar, with certain differences
reflecting the influence of the propagation environment at
different frequencies.
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E. Comparison with Existing Literature

We compare our measured results for the RMS delay spread
and RMS angular spread with values reported in prior
studies, as well as with the reference values provided by the
3rd Generation Partnership Project (3GPP) [86]. To ensure
a fair comparison, we restrict our focus to measurement
campaigns conducted at comparable carrier frequencies and
within similar indoor environments. We further differentiate
between two propagation scenarios: LOS, where an unob-
structed path exists between transmitter and receiver, and
NLOS, where an obstacle such as a wall obstructs the direct
path. Moreover, we limit the comparison to studies that
report both RMS delay and azimuth angular spreads, in line
with our analysis. The comparative results are summarized
in Tab. 3, where we present the mean and standard deviation
of both metrics across studies. For each reference, we include
the carrier frequency, measurement setup type (e.g., antenna
array (AA), rotating horn, or VAA)) and the antenna types
used (e.g., omnidirectional, horn, log-periodic, or patch) at
both the transmitter and receiver.

First, we observe that the mean RMS delay and angular
spreads show comparable values across both sub-6 GHz and
mmWave frequency bands, as well as across both LOS and
NLOS propagation scenarios. Furthermore, the mean RMS
delay and angular spreads observed in our measurements
are consistent with values reported in the literature, across
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TABLE 3. Overview of Existing RMS Delay Spread and Angular Spread Results in the Literature

Frequency Setup Antenna Type Parameter Reference
fc [GHz] Transmitter Receiver or [ns] oy [°]
Mean  Std. | Mean  Std.
2.5 VAA Omni Omni 20 N/A | 2396 N/A A. Poon et al. [33]
2 3 VAA Omni Omni 20 N/A | 20.01 N/A A. Poon et al. [33]
— 24 Rotating Horn Horn 5.67 N/A | 46.08 N/A | Y.L.C. De Jong et al. [61]
2.55 N/A Omni Omni 20.06  1.51 | 4747 1.53 3GPP [86]
= 2.55 VAA Horn Omni 14.02 112 | 28.10 3.33 Our work
g 3.6 VAA Log-Periodic Omni 8.43 N/A | 4326 N/A F. Quitin et al. [36]
é - 2.5 VAA Omni Omni 20 N/A | 24.64 N/A A. Poon et al. [33]
S 3 VAA Omni Omni 20 N/A | 2451 N/A A. Poon et al. [33]
“ 24 Rotating Horn Horn 1425 N/A | 3841 N/A | Y. L. C. De Jong et al. [61]
2.6 AA Patch Patch 3356 N/A | 2750 N/A C. Fang et al. [39]
2.55 N/A Omni Omni 47.09 128 | 6345 133 3GPP [86]
26 Rotating Horn Horn 5.82 N/A | 4561 N/A | Y. L. C. De Jong et al. [61]
28 Rotating Horn Horn 10.80 N/A | 39.10 N/A S. Ju et al. [55]
28 VAA Omni Omni 136 N/A 39 N/A A. Mudonbhi et al. [49]
§ 25.5 Rotating Horn Horn 1648 135 | 1640 1.20 P. Zhang et al. [50]
28 Rotating Omni Omni 1245 N/A | 3248 N/A G. Zhang et al. [51]
0 28 Rotating Horn Horn 12.58 1.31 14.12 194 P. Tang et al. [56]
% 25.5 N/A Omni Omni 19.66 1.51 | 3240 194 3GPP [86]
E 25.5 VAA Horn Omni 1550 113 | 27.79 432 Our work
26 Rotating Horn Horn 16.18 N/A | 2590 N/A | Y. L. C. De Jong et al. [61]
8 28 Rotating Horn Horn 17 N/A | 31.80 N/A S. Ju et al. [55]
E 28 Rotating Horn Horn 1891 N/A | 32.16 N/A J. Ko et al. [52]
28 Rotating Horn Horn 2398 144 | 17.37 190 P. Tang et al. [56]
25.5 N/A Omni Omni 26.82  1.57 | 50.86 1.69 3GPP [86]

both sub-6 GHz and mmWave frequency bands. Notably, the
measured mean values for the most reported measurements -
particularly for the NLOS scenarios - are significantly lower
than the corresponding values specified in the 3GPP indoor
channel models.

Given the higher path loss and consequently lower SINR
observed at mmWave frequencies compared to sub-6 GHz,
it is essential to employ larger antenna arrays at both the
transmitter and receiver to ensure sufficient link margins.
Moreover, since the channel characteristics in the delay do-
main do not differ significantly across frequency bands, both
sub-6 GHz and mmWave systems may employ comparable
cyclic prefix lengths to effectively mitigate intersymbol inter-
ference. Furthermore, as Doppler effects and channel aging
are significantly more pronounced at mmWave frequencies,
these systems should utilize larger subcarrier spacing (i.e.,
shorter symbol durations) than sub-6 GHz systems to im-
prove robustness against severe Doppler shifts.

IV. Performance Evaluation
In this section, we perform a comparative evaluation of
the measured time-varying channels in the sub-6 GHz and
mmWave bands in terms of the achievable SE for dif-
ferent multiple-input single-output (MISO) configurations.
Following the approach in (28), the time-varying channel
is constructed by approximating a uniform linear VAA in
the azimuth plane over multiple time snapshots, given by

B o, K] = L) [0, b+ ARG, A0 € €M 37)
The antenna element positions are denoted by d(®, as
defined in (29) and

K® _q K® _q

eval eval

%
© 2 T 2

(38)

indexes the time snapshots. For performance evaluation, we
consider K, Sil time snapshots. During the training phase,
only one snapshot is utilized for calculating the precoder,
which is denoted by k/., while the remaining K b))

eval
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TABLE 4. Parameters Used for Performance Evaluation

Parameter Value
Frequency Band sub-6 GHz mmWave
Carrier Frequency fc 2.55GHz 25.5GHz
Evaluation Snapshots Keyal 7 7
Bandwidth B 100 MHz 100 MHz
Snapshot Spacing Aksnap 20 2
Number of Transmit Antennas Mty {2, 4, 8, 12} {2, 4, 8, 12}

snapshots are used for data transmission. In what follows,
K®) _

we set kI = 7%1 and therefore the channel at the

training snapshot is given by

B[] = B®) [n, k] (39)

To achieve the highest performance in terms of SE, we
— b

compute the precoding vector f &) [n] € CMr %1 using a

matched filter, given by
_ _ H
0] = (h(b) [n]) .

For ideal precoding, f(®) [n, k'] is computed as a matched
filter for each snapshot £/, i.e.,

~ ~ H

£, k] = (6, 1))

Further, Wwe ensure that the total transmit power constraints
_ ~ 2

ﬂf(b) [n]H = Péb) and Hf(b) [n, k]| = Pl(ﬂb) are satisfied

y the precoders for all subcarriers and snapshots. Since

we consider MISO configurations with only a single receive

antenna, transmission is limited to a single spatial stream.

The achievable SE, expressed in bits/s/Hz and averaged over
N®) subcarriers and K éi’;l — 1 snapshots is given by

Svn 3w, logy (1+SINR®)[n, 1))
Kk
NG (K -1)

The corresponding effective SINR for the MISO case is
denoted by

(40)

(41)

SE®) =

42)

o, |

SINR®)[n, k'] = (43)

)

O wi®)
72 . .

In (43), 7, ;@) denotes the power of the noise plus interfer-

ence, averaged over considered snapshots, i.e.,

1
Ty = I%0) > G K.
eval VK’

In Fig. 12, we plot the achievable SE as a function of
the number of transmit antennas. The SE values are aver-
aged over spatial positions, with the evaluation parameters
summarized in Tab. 4. Besides scenarios with imperfect pre-

(44)

coding f(b) [n], we also consider perfect CSI cases employing
the perfect precoder f()[n, k'] for each considered snapshot.
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FIGURE 12. The performance gap in SE between ideal precoding (perfect
CSl) and imperfect precoding (50 km/h or 100 km/h) is significantly larger
in the mmWave band - 1.6 bit/s/Hz (30%) - than in the sub-6 GHz band,
where it is only 0.04 bit/s/Hz (0.5%).

Using the perfect precoder £()[n, k] eliminates the impact
of antenna movement and establishes an upper bound on SE
performance.

As expected, the sub-6 GHz band achieves higher achiev-
able SE than the mmWave band. This is primarily due to a
higher estimated SINR, with 7*) [k] ~ 22dB at sub-6 GHz,
compared to ﬁfun;) [k] ~ 11dB at mmWave. Additionally, the
achievable SE increases with the number of transmit anten-
nas, regardless of the frequency band. Under perfect CSI
conditions (ideal precoder per snapshot), both bands show a
similar gain of approximately 2.5 bit/s/Hz when increasing
antennas from 2 to 12. However, with imperfect precoding,
the sub-6 GHz band achieves a significantly higher gain of
approximately 2.5 bit/s/Hz compared to the mmWave band,
which gains only about 1.5 bit/s/Hz. In particular, in the sub-
6 GHz band for M%’() = 12, imperfect precoding leads to an
SE loss of only 0.04 bit/s/Hz (0.5%) compared to the perfect
CSI case. In contrast, in the mmWave band, the loss increases
substantially to 1.6 bit/s/Hz (30%). This higher performance
loss in the mmWave SE is attributed to more pronounced
channel variations caused by transmit antenna movement,
which impact mmWave channels more significantly than
those at sub-6 GHz.
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The SE performance at the lower velocity of 50km/h
(Fig. 12a) coincides with that at the higher velocity of
100 km/h (Fig. 12b), for both ideal and imperfect precoding.
This behavior can be explained by the shorter symbol
duration at 100 km/h, which is exactly half that at 50 km/h
(see Tab. 1). As a result, the impact of the higher velocity is
effectively compensated and no additional performance loss
is observed when increasing the velocity.

Note that the presented performance evaluation does not
include channel prediction. However, the SE performance
under imperfect precoding could potentially be improved
by applying existing channel prediction and tracking meth-
ods [87]-[89].

V. Conclusion

In this paper, we present dynamic multi-band wireless
channel measurements conducted in an indoor environment,
enabling a direct comparison of propagation characteristics
at sub-6 GHz and mmWave bands. The normalized LSFs
at both sub-6GHz and mmWave bands exhibit similar
overall characteristics, with the majority of the channel
power concentrated within delay values of approximately 20-
80 ns and normalized Doppler shifts between -3 and 4 ns/m.
However, the mmWave LSF reveals more distinct multipath
components and the channel power at mmWave frequencies
decays more rapidly with increasing delay and Doppler shift
compared to sub-6 GHz.

Furthermore, the delay-domain analysis shows that the
sub-6 GHz and mmWave channels exhibit similar values of
RMS delay spread and Rician K-factor, indicating com-
parable propagation conditions at sub-6 GHz and mmWave
frequencies. In the Doppler domain, the RMS Doppler spread
scales proportionally with the carrier frequency and the
corresponding transmitter’s velocity, as expected. However,
the normalized RMS Doppler spread values remain com-
parable across the frequency bands. In the angular domain,
both sub-6 GHz and mmWave channels show similar AoD
distributions, primarily concentrated between approximately
—20° and 20°, with RMS angular spread values around
30°. This indicates that the spatial characteristics of the
channel are remarkably similar at both frequency bands.
Moreover, the observed values of RMS delay spread, Rician
K -factor, normalized RMS Doppler spread and RMS angular
spread are almost invariant with regard to the transmitter’s
velocity, despite measurements being conducted at different
times. This consistency highlights the high accuracy and
repeatability of the proposed measurement setup, capable of
reproducing experiments with minimal uncertainty. Finally,
the measured values of RMS delay spread and RMS angular
spread are in good agreement with previously reported
results in the literature for both sub-6 GHz and mmWave
frequencies.

The sub-6 GHz band achieves a higher achievable SE
compared to the mmWave band, primarily due to its higher
estimated SINR. At mmWave frequencies, however, CSI

becomes outdated rapidly due to increased Doppler shifts
caused by transmitter movement which significantly de-
grades system performance. In summary, differences in
delay-domain parameters such as RMS delay spread and
Rician K-factor, as well as angular-domain parameters like
RMS angular spread, are minor at the system level and are
unlikely to have a significant impact on overall system de-
sign. In contrast, the RMS Doppler spread scales proportion-
ally with carrier frequency and transmitter velocity, resulting
in significantly faster CSI aging at mmWave frequencies.
This sensitivity to mobility poses a substantial limitation for
mmWave systems in dynamic scenarios.
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