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Abstract—Frequency non-stationarity is an important statis-
tical property for beyond the fifth generation (B5G) wireless
communication channels due to extremely large bandwidths used
in millimeter wave (mmWave) and teraherz (THz) communi-
cations. In this paper, a general averaged power delay profile
(APDP) method is first introduced as a metric to determine the
stationarity regions of wireless channels in the time, frequency,
and spatial domains. Then, we apply this method to determine the
frequency stationarity regions (FSRs) of channel measurements
in a sub-6 GHz frequency band (2–4 GHz) and two mmWave
frequency bands (14–16 GHz and 28–30 GHz). Frequency non-
stationary (FnS) properties are found from all of the three bands.
A novel FnS channel model is then proposed to model wireless
channels in all frequency bands. We first split a FnS channel into
a few frequency stationary (FS) sub-band channels and model
them one by one, which are finally combined as a FnS channel
model considering the cluster evolution in the frequency domain
as well as the frequency consistency of sub-band channels.
Simulation results show that the frequency correlation functions
(FCFs) of the proposed FnS channel model can well fit those of
the measured FnS channels.

Index Terms—Frequency stationarity region, general averaged
power delay profile method, frequency non-stationary channel
model, frequency domain cluster evolution, frequency consis-
tency.

Manuscript received February 13, 2020; revised September 23, 2020;
accepted December 29, 2020. Date of current version January 07, 2021.
The authors would like to acknowledge gratefully the support of this work
from National Key R&D Program of China under Grant 2018YFB1801101,
the National Natural Science Foundation of China (NSFC) under Grant
61960206006, the Frontiers Science Center for Mobile Information Communi-
cation and Security, the High Level Innovation and Entrepreneurial Research
Team Program in Jiangsu, the High Level Innovation and Entrepreneurial
Talent Introduction Program in Jiangsu, the Research Fund of National
Mobile Communications Research Laboratory, Southeast University, under
Grant 2020B01, the Fundamental Research Funds for the Central Universities
under Grant 2242020R30001, and the EU H2020 RISE TESTBED2 project
under Grant 872172. The authors would also like to express sincere gratitude
to Kim Olesen, Kristian Bank, and Wei Fan from Aalborg University for their
invaluable work in the channel measurement campaigns.

Y. Tan is with MN SoC RD Beamer L1 IP 3 SG, Nokia Solutions and
Networks, Karakaari 7, 02610 Espoo, Finland (email: tan.yi@nokia.com).

C.-X. Wang (corresponding author) is with National Mobile Communica-
tions Research Laboratory, School of Information Science and Engineering,
Southeast University, Nanjing, 210096, China, and also with Purple Mountain
Laboratories, Nanjing, 211111, China (email: chxwang@seu.edu.cn).

J. Ø. Nielsen and G. F. Pedersen are with APMS section, Dept. of Electronic
Systems, Technical Faculty of IT and Design, Aalborg University, DK-9220
Aalborg, Denmark (email: {jni, gfp}@es.aau.dk).

Q. Zhu is with the Key Laboratory of Dynamic Cognitive System of
Electromagnetic Spectrum Space, College of Electronic and Information
Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing
211106, Jiangsu, China (email: zhuqiuming@nuaa.edu.cn).

I. INTRODUCTION

Millimeter wave (mmWave) communication technology is
one of the most promising candidates for the fifth generation
(5G) and even beyond 5G (B5G) wireless networks [1],
[2]. There are about 7 GHz bandwidth resource available at
60 GHz band (unlicensed) and 1 GHz bandwidth resource
available at 28 GHz and 38 GHz bands [3]. In current
mmWave channel measurements, channel sounding signals
with 500 MHz or even broader bandwidths are normally
utilized [4]–[7] in the study of 5G channels. Teraherz (THz)
technology has been considered as a possible candidate for
B5G wireless communication networks, claiming that over
50 GHz bandwidth can be used for various applications, such
as ultra fast kiosk downloads, fixed radio links, wireless local
area networks (LANs), THz nanocells or inter-chip links [8]. In
[9], channel characteristics were investigated at 300 GHz with
20 GHz bandwidth. Due to large bandwidths, the propagation
properties of mmWave and THz channels can be very different
from those of channels in the third generation (3G) and fourth
generation (4G) communication systems.

The stationarity study of wireless channels plays a funda-
mental role in the analysis of channel measurements and chan-
nel modeling. Wide-sense stationary (WSS) channels were
introduced in [10], and the stationarity assumptions in the
time, frequency, and spatial domains can be found in [11],
[12]. In WINNER II/+ [13], [14], ITU-R [15], and 3GPP
[16] channel models, the concept of segments and drops were
used to define the “quasi-stationary” periods, during which
the channels satisfy the WSS assumption. In QuaDRiGa [17],
COST 2100 [18], and recently developed channel models
based on WINNER+ [19], [20], time evolution was used in
the study of channel non-stationarities in the time domain,
based on the trajectory of a mobile terminal and birth-death
processes. Similarly, time evolution was also used in the
modeling of high-speed train (HST) and vehicle-to-vehicle
(V2V) channels [21]–[25]. In the study of massive multiple-
input and multiple-output (MIMO) channels, it was shown that
the cluster powers vary over the large antenna array [26], [27].
The spatial stationary assumption does not hold for the whole
large antenna array. The modeling of spatial-variation over
large antenna arrays was suggested for the COST 2100 channel
model based on the modification of visibility region (VR) [28].
A recently developed novel massive MIMO channel model in
[29] addressed the spatial non-stationarity along the antenna
axis. In [30]–[32], birth-death processes were proposed to
model both the temporal and spatial non-stationarities of
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channels in a similar manner. More related research results
can be found in [33].

Regarding the stationarity studies in the frequency domain,
there are rich research results related to ultra-wide band
(UWB) channels. IEEE 802.15.4a UWB channel model can
support up to 2 GHz bandwidths [34]. Due to the fact that
the wavelengths of sounding signals used in channel measure-
ments are comparable to the sizes of objects in the environ-
ment, the fundamental propagation processes such as reflection
and diffraction are frequency dependent within UWB channels
[35]. Since the frequency stationarity assumption does not hold
for the whole bandwidth, UWB channels can be considered as
frequency non-stationary (FnS) channels. In [6], the frequency-
selective propagation phenomena of mmWave channels were
found. In [36], the results of root mean square (RMS) delay
spread (DS) and angle spread (AS) were shown to be fre-
quency dependent within 6 GHz bandwidth, i.e., 2–8 GHz.
MmWave channels normally have comparable bandwidths to
those of UWB channels. In METIS [37], [38], mmWave chan-
nel measurements with 4 GHz bandwidth were used. Map-
based mmWave channel models addressed the frequency range
up to 100 GHz and the bandwidths of mmWave channels up to
10% of the center frequency can be supported. We can expect
that the frequency stationarity assumption does not always
hold for mmWave channels within such broad bandwidths.
This can happen when utilizing mmWave communications
in the environments such as factories, warehouses, mines
of coal/metals, chemistry laboratories, etc., where the sizes
of objects are comparable to the wavelengths of mmWave
signals. In the ray tracing models of mmMAGIC [39], we can
also find that the diffuse scattering at mmWave frequencies
was studied based on the similar concern that the sizes of
objects are comparable to the wavelengths of mmWave signals.
However, in the standard mmWave channel models, such as
IEEE 802.15.3c [40], IEEE 802.11ad [41], MiWEBA [42],
mmMAGIC, METIS, and those mmWave channel models
developed recently [5], [43], [44], the channel parameters were
normally considered as frequency stationary (FS).

In the development of 5G/B5G channel models, the general
studies of frequency dependent channel parameters can be
found in 5GCM [45] and latest 3GPP [16] channel models.
We can observe the drift of channel parameters within a few
consecutive GHz frequency intervals in both sub-6 GHz and
mmWave frequency ranges. In the latest 3GPP, IMT 2020
[46], and 5GCM models, a new component was developed
to support the simulation of advanced massive MIMO chan-
nels with large bandwidths and large antenna arrays. If the
bandwidth is greater than the ratio of the speed of light to the
maximum antenna aperture, the channel coefficient generation
step related to modeling clusters is updated to model individual
rays. This implies that the WSS assumption may not hold for
the channels with large bandwidths and large antenna arrays.
However, that criterion is not suitable to determine the FnS
properties and it cannot be used to model the FnS channels.
Since broad bandwidth resource is the main merit of using
mmWave frequencies in 5G and B5G communications, the
studies about the FnS properties of mmWave channels are
required.

In this paper, we first introduce a general averaged power
delay profile (APDP) method, extended from [47], as a metric
to study the stationarities of channels in time, frequency,
and spatial domains. We apply it to investigate frequency
stationarity regions (FSRs) of channels in both sub-6 GHz
and mmWave frequency bands based on real channel mea-
surements, showing the FnS properties of measured channels.
Then, a general FnS channel model is proposed to model
wireless channels in all frequency bands.

The contributions of this paper are summarized as follows.

• The channel measurements in both sub-6 GHz and
mmWave frequency bands were performed in a basement
environment. The FSRs of channels in three bands are
compared and the FnS properties are found. The variation
of statistical parameters within the bandwidth of FnS
channels is illustrated. The phenomenon of frequency
non-stationarity is shown.

• A novel FnS channel model is proposed to model wireless
channels in all frequency bands, including sub-6 GHz and
mmWave bands. In the proposed model, a FnS channel
is split into a few FS sub-band channels, modeled one
by one and then combined into one FnS channel model.
Thus, this model also explains the difference between
wideband FS and FnS channels.

• For easy implementation, we model the first sub-band
channel similar to the 3GPP channel model [16]. The
rest sub-band channels are then modeled considering the
cluster evolution in the frequency domain. It is worth
mentioning that the frequency-domain cluster evolution
ensures the frequency consistency of simulated sub-band
channels, similar to the consistency studies of simulated
channels in temporal and spatial domains in [17] and [50].

The reminder of paper is organized as follows. Section II
introduces a general APDP method to estimate the station-
arity regions in time, frequency, and spatial domains. The
data analysis of frequency stationarity based on real channel
measurements is shown in Section III. In Section IV, a FnS
channel model is proposed to model the FnS properties of the
measured channels in both sub-6 GHz and mmWave frequency
bands. The details of generating the FnS channel coefficients
can be found in Section V. The validation of the proposed FnS
channel model is shown in Section VI. Finally, conclusions are
drawn in Section VII.

II. STATIONARITY REGIONS IN TIME, FREQUENCY, AND
SPATIAL DOMAINS

The methods, such as the APDP [48] and covariance matrix
distance (CMD) [51]–[53], are generally used to estimate
the stationarity regions of channels in the time and spatial
domains. Though the CMD method can be used to estimate the
stationarity region in the frequency domain, the channel cor-
relation based on antenna arrays is required in the calculation.
Compared with that, the APDP method does not have such
limit. In this section, a more general method based on APDP
in [48] is introduced. It can be used to study the stationarities
of channels in the time, frequency, and spatial domains.
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Fig. 1. Sliding windows of APDPs moving along the time axis.

A. General APDP Method Applied in the Time Domain

For a 1 × 1 wideband wireless channel, we define h(ti, τ)
as a channel impulse response (CIR). Then the instantaneous
power delay profile (PDP) Ph(ti, τ) = |h(ti, τ)|2 can be seen
as a snapshot of the channel at specific time ti, i = 1, 2, ..., N ,
and we assume there are N snapshots in total as Fig. 1. We
define Ph(t, τ) as

Ph(t, τ) =
1

n

n∑
i=1

|h(ti, τ)|2 (1)

to present the average PDP of n-snapshots (n � N ) in one
sliding window on the time axis t. Also, let us define Ph(t+
4t, τ) as another APDP of n-snapshots as it moves forward
along the time axis t with a distance of 4t, where t is the
average time of ti. It can be considered as the middle ti in
the sliding window. The correlation coefficient between the
APDPs is defined as

c(t,4t) =
∫
Ph(t, τ)Ph(t+4t, τ)dτ

max{
∫
Ph(t, τ)2dτ,

∫
Ph(t+4t, τ)2dτ}

. (2)

Based on the correlation coefficient curve, we can determine
an allowance of similarity level (ASL) of the channel proper-
ties as the threshold (between 0 to 1) [47]. Then the region
between the maximum of correlation coefficient to this ASL is
considered statistical stationary, i.e. it satisfies the wide sense
stationary conditions and it is inside the stationarity region.

Therefore, if the correlation coefficients c(t,4t) between
the APDPs are all higher than the ASL tcASL, then the
stationary interval dt is defined as the stationarity region in
the time domain

dt = max{4t | c(t,4t) ≥ tcASL}. (3)

We assume that the n-snapshots used to calculate the APDPs
are within a very small interval that is much smaller than the
stationary region. Using the larger value of

∫
Ph(t, τ)

2dτ and∫
Ph(t+4t, τ)2dτ in the denominator of (2) is to assure the

correlation coefficient is smaller than 1 when using the real
measurement data in the calculation. Note that 4t can be both
positive and negative.

In practice, if an ensemble of CIRs measured at different
time points within a time interval satisfy the WSS assumption,

we consider them to be within one stationarity region [54], and
the statistical parameters of the channel in such time interval
can be estimated. This is not the same as the coherence time in-
terval within which the CIRs can be considered approximately
the same [11]. The ASL is the threshold to determine the size
of the stationarity region. We may consider it as the worst
tolerable inaccuracy from the systematic level point of view,
where the performance of communication systems is predicted
based on the simulated wireless channels according to those
estimated statistical parameters. However, there is no uniform
verdict on the value of ASL at the moment. It can depend
on the personal judgement in the data analysis of channel
measurements in each individual environment.

B. General APDP Method Applied in the Spatial Domain

The definition of stationarity region in the spatial domain is
very similar to that in the time domain. The sliding window
moves along spatial axis (along the antenna array) instead of
time axis, whilst other procedures maintain the same. For a
N × 1 wideband wireless channel scenario, we replace t by r
and replace 4t by 4r in (1) to (3).

C. General APDP Method Applied in the Frequency Domain

In Fig. 2, two cluster-maps are used to represent two
different FSRs of the same channel (environment). One is at
high frequencies and the other is at low frequencies. Within
each of the FSR, the statistical parameters of the channel does
not change but they are different for the two FSRs. If the band-
width of a channel is sufficiently large to cover both the FSRs
at high frequencies and low frequencies, then such a channel
is considered as a FnS channel. For example, the fundamental
propagation processes such as reflection and diffraction are
frequency-dependent within the bandwidths of UWB channels,
because the wavelengths of sounding signals used in channel
measurements are comparable to the sizes of objects in the
environment [35]. There are also rich studies of frequency-
dependent statistical parameters within the bandwidth of UWB
channels (including the frequency range below 6 GHz) [34].
This means that UWB channels have covered more than one
FSRs. Similar explanation of such phenomenon can be found
in [55].

The general APDP method used in estimating the FSRs is
an extension of the APDP method [48] used in estimating the
stationarity regions in the time and spatial domains.

1) Case 1: Averaging on Snapshots: For a 1× 1 wideband
wireless channel, we define H(ti, f) as channel transfer func-
tion (Fourier transformation of h(ti, τ)). Then the instanta-
neous power transfer function (PTF) of the channel PH(ti, f)
=|H(ti, f)|2 can also represent a snapshot of the channel at
specific time ti, i = 1, 2, ..., N . We assume there are N
snapshots in total as shown in Fig. 3, and the bandwidth of
each snapshot consists of M frequency points.

First, we average the PTF of n-snapshots along time axis t
as the average PTF (APTF), which can be expressed as

PH(t, f) =
1

n

n∑
i=1

|H(ti, f)|2 (4)
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Fig. 2. FSRs of the channel at high frequencies and low frequencies in the
same environment.

Fig. 3. Sliding-windows of sub-APTFs moving along the frequency axis (we
denote PH(t, f ′) as the PH(t, f ′) before averaging).

where t is the average time of ti. Second, we define m-
frequency-points sub-APTF (m � M ) as PH(t, f ′) in one
sliding window on the frequency axis f , and define another
m-frequency-points sub-APTF PH(t, f ′ + 4f) as it moves
forward along the frequency axis f with a distance of 4f . In
order to avoid misunderstanding, we define f ′ as the frequen-
cies within the sliding-windows. The correlation coefficient
between the sub-APTFs is defined as

c(f,4f) =
∫
PH(t, f ′)PH(t, f ′ +4f)df ′

max{
∫
PH(t, f ′)2df ′,

∫
PH(t, f ′ +4f)2df ′}

.

(5)
Similarly, based on the correlation coefficient curve c(f,4f),
we can determine an ASL fcASL of the channel properties as
the threshold. The region between the maximum of correlation
coefficient to fcASL is considered statistical stationary and the
stationary bandwidth df is defined as the FSR in the frequency
domain, i.e.,

df = max{4f | c(f,4f) ≥ fcASL}. (6)

Likewise, we assume that the sub-APTFs are within a band-
width that is much smaller than the stationary bandwidth.

Note that the n-snapshots selected in the first step should be
within one stationarity region in the time domain. For the sub-
APTFs in (5), we can consider them as imaginary FS-CIRs
with much narrower bandwidths after Fourier transforming
them to the time domain. However, in Section II-A and II-B,
the complete CIRs should be used since the transmitted signals
in reality can be FnS and it is required to estimate the channel
properties based on the FnS sounding signals used in the
channel measurement.

2) Case 2: Averaging on Antenna Array: For a N × 1
wireless channel scenario, such as using vector network ana-
lyzer (VNA) to measure a time-invariant channel environment
based on virtual antenna array methodology [56], we calcu-
late PTF based on antenna arrays instead. Here we define
PH(ri, f) = |H(ri, f)|2 as the PTF, and ri is the antenna
position along “r axis” as in Fig. 3. Compared with case 1,
the APTF should be denoted as

PH(r, f) =
1

n

n∑
i=1

|H(ri, f)|2. (7)

The first step is now changed to average the PTFs based on
the CIRs measured by an n-antenna subarray. Then the second
step and the following are the same.

Similarly, the n-antenna subarray used to calculate the
APTF should be selected within one stationary region in
spatial domain.

III. CHANNEL MEASUREMENTS AND DATA ANALYSIS

A. Channel Measurements and Data Processing

The time-invariant channel measurements were performed
in a big and empty indoor basement environment, as described
in [49]. The channel sounder is consisted of a VNA and a large
virtual uniform circular array (UCA) with the radius 0.5 m.
The channel was measured at a sub-6 GHz frequency band of
2−4 GHz, and two mmWave frequency bands of 14−16 GHz
and 28−30 GHz. There are 750 frequency points within each
of the frequency bands (frequency interval is 2.67 MHz). The
area of the basement was 7.85 m ×7.71 m as in Fig. 4.
Two bi-conical antennas with a frequency range from 2−30
GHz were used at the transmitter (Tx) and the receiver (Rx).
Their radiation patterns are omni-directional on the horizontal
plane. One antenna was fixed at about 1 m height at the Tx
side. The other one was moved along the trajectory of the
virtual UCA at 1 m height at the Rx side. The whole UCA
consists of 720 virtual antennas, and the distance between
each two adjacent virtual antenna positions was 0.0044 m
(less than λ/2 at 30 GHz). Both line-of-sight (LOS) and non-
LOS (NLOS) scenarios were measured, and a metal board
was placed between Tx and Rx for the NLOS scenario. Note
that there is no actual antenna array and no correlation effects
among the antenna-array sets.

Since the Rayleigh distance [26] of the whole UCA is
beyond 200 meters (at 30 GHz), in the data analysis, 16
consecutive virtual antennas are chosen as the virtual linear
subarray within each sliding window along half of the virtual
UCA as in Fig. 5. The size of virtual linear subarray is ap-
proximately 0.07 m. The Rayleigh distance of it is considered
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Fig. 4. Floorplan of the channel measurements in the basements [49].

Fig. 5. Approximation of linear antenna subarrays [49].

shorter than the distance between Tx and Rx. To avoid the
duplication in the content, more details of data processing can
be found in Section III-C and Section IV.

B. FSR Analysis

The calculation of frequency correlation coefficients was
based on general APDP method applied in the frequency do-
main: averaging on antenna array as in Section II-C2. In order
to reduce fluctuation in the results, the bandwidths of sub-
APTFs in the sliding windows were 5% of the center frequency
in each of the frequency bands. The results were consistent
with those calculated when using a narrower bandwidth. The
5% bandwidth is assumed smaller than the FSRs of channels
in all three bands.

In Fig. 6a, given that ASL = 0.8 as an example, it is clear
that the stationary bandwidths at 14−16 GHz and 28−30 GHz
bands are larger than those in 2−4 GHz band. In Fig. 6b, we
illustrate the stationary bandwidths of all three bands for the
ASLs from 0.4 to 0.95. It shows that the FSRs in 14−16
GHz and 28−30 GHz bands are much larger than that in
2−4 GHz band. The results shown are based on the averaging
of first virtual linear subarray of the virtual UCA (16 virtual
antennas out of 720). The FSRs based on other virtual linear
subarrays around the whole UCA are also calculated, and the
comparable estimation results between the 14–16 GHz band
and 28–30 GHz band are found. However, all the estimated
FSRs in mmWave frequency bands are much larger than those
in sub-6 GHz frequency band for different ASLs. It is expected
since the sizes of scatterers in the basement, such as the wall,
ceiling, and windows, etc, are closer to the wavelength of
the frequencies in 2−4 GHz bands than those in mmWave
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Fig. 6. The FSRs of the channels, NLOS scenario: (a) correlation coefficients
of the sub-APTFs and (b) stationary bandwidth vs. ASLs.
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Fig. 7. Correlation coefficients of the sub-APTFs in the LOS scenario.

frequency bands. Those sounding signals are more interactive
with those objects, which cause the statistical parameters
change dramatically.

WINNER II channel models support 100 MHz system
bandwidth, which is considered within one FSR. The FSR
found in the 2−4 GHz band for the ASL = 0.5 is 18.69 MHz,
which is much smaller, see Table I. One reason could be that
the ASL chosen is too high. Another reason could be that the
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Fig. 8. Estimated MPCs in some of the sub-band channels from 2 to 4 GHz (LOS scenario).

Fig. 9. Estimated MPCs in the sub-band channels from 28 to 30 GHz (LOS scenario).

TABLE I
SIZE OF FSRS IN A NLOS SCENARIO.

Frequency
bands (GHz)

Size of FSRs in
MHz for ASL = 0.5

Size of FSRs in
MHz for ASL = 0.8

2–4 18.69 2.67
14–16 638.13 104.13
28–30 638.13 285.29

size of scatterers in the basement is closer to the wavelength
of the frequencies in 2−4 GHz bands. The sounding signals in
those frequencies are more interactive with the objects in this
scenario than those in the scenarios defined in WINNER II. We
can also observe that the correlation coefficients of sub-APTFs
in the 2−4 GHz band are all higher than 0.3 for the stationary
bandwidth within 467.25 MHz in Fig. 6a, i.e., the FSR is
467.25 MHz based on ASL = 0.3. Though this bandwidth
seems too large, but for this specific scenario, it could be a
reasonable size of FSR for 2−4 GHz band.

For the LOS scenario, the correlation coefficients of 14−16
GHz and 28−30 GHz frequency bands are very similar at

very high values as in Fig. 7. It is difficult to find an
ASL to determine which frequency band has larger stationary
bandwidth. The reason could be that the attenuation per meter
of signals increases dramatically as the frequency goes higher.
Therefore, the LOS component becomes more dominant in
the measured CIRs at higher frequencies. The ratios of LOS
component over NLOS components, i.e., K-factors [11], [12],
are estimated based on the APDPs obtained from the first
virtual linear subarray (similar results from other virtual linear
subarrays). The K-factor in 2−4 GHz band is about 3 dB,
it is about 12 dB in 14−16 GHz band and about 15 dB in
28−30 GHz band. It makes sense that the LOS component is
more dominant in the measured CIRs in the 14−16 GHz and
28−30 GHz bands and the correlation coefficients estimated
from those two bands mainly reflect the LOS component itself.

We notice that the FSRs (stationary bandwidths) are not
linearly proportional to the center frequency in each measured
frequency band. We can see that in both Fig. 6a and Fig. 7, the
correlation coefficients of sub-APTFs are very close together
for the 14-16 GHz and 28-30 GHz bands. Since the FSRs are
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determined from the correlation coefficients of sub-APTFs by
given ASLs, the FSRs are comparable in the 14-16 GHz band
and in the 28-30 GHz band based on the results shown in
Fig. 6b and Table I, especially when the given ASL is smaller
than approximately 0.72. The sizes of FSRs in different
frequencies are not similar to that of defining the coherence
bandwidth (fractional bandwidth), 10% of the center frequency
(rule of thumb), within which the channel is approximately
considered frequency flat [57].

C. Variation of Statistical Properties

Since the estimated FSRs are smaller than 2 GHz for the
channels in those three frequency bands, the WSS assumption
is only valid within one FSR, not the whole bandwidth of
2 GHz. Therefore, those channels should be considered as
FnS. For the convenience, we equally split the bandwidth
of 2–4 GHz band into 25 sub-bands, each with 80.1 MHz
bandwidth (30 frequency points×4f , 4f = 2.67 MHz). We
also equally split the bandwidth of 28–30 GHz band into 3
sub-bands, each with 667.5 MHz bandwidth (250 frequency
points). The (stationary) bandwidths of the sub-band channels
chosen are close to those of the standard channel models, such
as WINNER II (100 MHz in sub-6 GHz bands) and METIS
(500 MHz or larger in mmWave bands).

We choose 30 dB and 40 dB dynamic range of the sub-
band CIRs in 2–4 GHz and in 14–16/28–30 GHz frequency
bands, respectively. SAGE [58], [59] is used in the estimation
of azimuth angle of arrival (AoA), time of arrival (ToA),
and amplitude of multi-path components (MPCs) in each sub-
band channels based on the first 16-virtual linear subarray.
We estimate 35 MPCs from the sub-band channels within 2–
4 GHz band, and 250 MPCs from those within 28–30 GHz
band (the number of estimated MPCs are comparable to those
in [44], [60]). The results are illustrated in Fig. 8 and Fig. 9.
We can observe clearly different delays and angles of the
MPCs with higher powers in Fig. 8, and slight differences
of those in Fig. 9. The MPCs of sub-band channels based on
other 16 virtual linear subarrays are also estimated. Similar
phenomenon was found. We do not show them here for
conciseness purposes.

1) Statistical Properties in the Frequency Domain: The au-
tocorrelation function is normally used to present the statistical
property of wireless channel in the time domain [11], [61].
In the frequency domain, the frequency correlation function
(FCF) can be used to represent the statistical properties of
channels. Similarly, the FCF can be defined as

RH(f1; f2) = E{H∗(f1)H(f2)} (8)

where H(f) is transfer function (Fourier transformation of
CIR), and [·]∗ and E{·} are conjugate operator and expectation
operator, respectively.

2) Variation of FCFs of Sub-Band Channels: The FCFs of
sub-band channels are shown in Fig. 10. The FCFs of selected
sub-band channels within the 2–4 GHz band are apparently
different in Fig. 10a (only showing the most different ones)
and the maximum difference is 0.2. The FCFs of sub-band
channels within the 28–30 GHz band are slightly different

(a)

(b)

Fig. 10. The FCFs of the sub-band channels, NLOS scenario: (a) within
2–4 GHz band and (b) within 28–30 GHz band.

to each other and the maximum difference is 0.067. This is
consistent with the MPC estimations in Fig. 8 and Fig. 9. Note
that the results here can be an explanation about the higher
values of correlation coefficients in mmWave frequency bands
in Fig. 6a.

IV. A FNS CHANNEL MODEL

To the best of our knowledge, the current standard channel
models are not suitable to model the measured FnS channels
described previously. Though the UWB channel models [35],
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Fig. 11. Cluster evolution in the frequency domain.

[62] are FnS channel models, but they do not address the 14–
16 GHz and 28–30 GHz frequency bands. In addition, they are
very different from the standard channel models. Therefore,
we propose a general FnS channel model for B5G wire-
less communication channels. The principle of proposed FnS
channel model is designed based on the studies of frequency
stationary regions and the combination of sub-band channels
(need to use the real measured THz channel parameters in
the model for modeling the THz FnS channels). There is no
frequency limitation. However, the current modeling of sub-
band channels is based on the 3GPP channel model. This limits
the overall FnS model to 100 GHz, which is the same as
that for 3GPP channel models. Due to limited measurement
data, we focus on modeling the channels in sub-6 GHz and
mmWave frequency bands.

A. FnS Channel Modeling

Given a static FnS wireless channel where the bandwidth
covers a few FSRs, we assume that there is a shifting window
in the frequency domain with the bandwidth covering only one
FSR, and it moves over each FS sub-band channel within such
FnS channel. If the sub-band channels are non-overlapping to
each other, then the whole FnS channel is the sum of all sub-
band channels. It can be written as

h(τ) =
O∑
o=1

F−1[δ(f − fco)]hsub(τ, fco) (9)

where there are O sub-band channels, o = 1, 2, ..., O, fco
denoting the center frequency fc1, fc2, ...fcO of sub-band
channel, and F−1[·] is the inverse Fourier transformation.

For each sub-band channel, i.e., a wideband channel [11],
can be modeled as

hsub(τ, fco) =
U∑
u=1

V∑
v=1

au,v(fco)exp(jβu,v)

× δ(τ − τu(fco)− τu,v(fco))
× δ(θ − θu(fco)− θu,v(fco))

(10)

where we assume there are U clusters and V rays in each
cluster, u = 1, 2, ..., U , v = 1, 2, ..., V . The amplitude of a

Fig. 12. Tidal variation, as a metaphor to explain the cluster evolution in the
frequency domain.

ray is denoted as au,v(fco) and au(fco)2 =
∑V
v=1 au,v(fco)

2

represents the cluster power. The inter-cluster delay and angle
are denoted as τu(fco) and θu(fco). Due to scattering, reflec-
tion, etc. as the rays travel through the channel, exp(jβu,v)
represents the random phases of rays and βu,v is uniformly
distributed, βu,v ∼ Uni[−π, π).

Note that the model proposed are only related to small-scale
parameters. We do not address large-scale parameters, such as
path loss, shadowing, etc.

B. Cluster Evolution in the Frequency Domain

Though the multi-band OFDM technologies can be used
to measure the channels with very broad bandwidth [63], we
cannot model each of “narrower” OFDM channels and sim-
ply combine them as one channel. The frequency-dependent
statistical parameters of those multi-band channels need to
be studied and the frequency consistency among multi-band
channels needs to be considered in the model. Therefore,
a novel frequency domain cluster evolution is proposed for
the implementation of the FnS model as shown in Fig. 11.
It describes the relationship among those sub-band channels,
and maintains each two consecutive sub-band channels at a
reasonable similarity level. This also assures the frequency
consistency of sub-band channels, i.e., the similarity level of
simulated sub-band channels is as close as possible to that of
the sub-band channels found in the measurement data analysis.

There are two features of cluster evolution in the frequency
domain based on the measured time-invariant channels in
Section III-A. First, it describes the variations of channel
characteristics within the bandwidths of those channels. Sec-
ond, the inter-cluster parameters are not constant numbers (for
one channel scenario), they are described by trends due to
the variations of channel characteristics within the frequency
range of a FnS channel. Tidal variation can be used as a
metaphor to describe the cluster evolution in the frequency
domain as Fig. 12. We assume that the high tide and low tide
situations represent two estimated cluster-maps of two sub-
band channels. There are two categories of differences we can
observe from the high tide and low tide situations: the number
of rocks and the size of rocks. Those are used to describe the
cluster differences in two consecutive sub-band channels in
the frequency domain cluster evolution.
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TABLE II
PARAMETERS OF SUB-BAND CHANNELS (NLOS SCENARIO, 2–4 GHZ).

Parameters Mean Maximum
(Inter-cluster) DSs, στ (fco) (ns) 15.5 22.3
Standard deviation of ray delays
(ns)

46 74.8

Standard deviation of inter-
cluster angles, σθ(fco) (◦)

49.6 63.6

Standard deviation of intra-
cluster ray angles (◦)

6.7 9.6

TABLE III
PARAMETERS OF SUB-BAND CHANNELS (NLOS SCENARIO, 28–30 GHZ).

Parameters Mean Maximum
(Inter-cluster) DSs, στ (fco) (ns) 7.9 9.4
Standard deviation of ray delays
(ns)

12.6 14.8

Standard deviation of inter-
cluster angles, σθ(fco) (◦)

49.7 51.2

Standard deviation of intra-
cluster ray angles (◦)

8.3 8.8

The idea is based on that a cluster is a bunch of estimated
MPCs, which represent the interaction between the transmit-
ting signals and a bunch of correlated scatterers (objects). They
are defined and modeled with reasonable discrepancies based
on the frequency and bandwidth of channel. The proposed al-
gorithm of cluster evolution in the frequency domain is similar
to the birth-death processes used in [30]–[32]. However, we
simply use cluster survival rate instead of the cluster birth rate
and death rate as follows:
• Track the survival probability of each single cluster by

Psurvival = exp(−λO′) (11)

when it evolves from one sub-band channel into another
one. The rate parameter is denoted by λ, and O′ is the
number of sub-band channels one cluster survives.

• Pre-define the number of clusters for all sub-band chan-
nels by trend. When the clusters evolve to another sub-
band channel, only generate new clusters to substitute the
dead or if the number of clusters increases.

• In a new sub-band channel, use the updated inter-cluster
parameters by the trends when generating new cluster.
Update all the intra-cluster parameters of the clusters by
the trends.

Note that it is primary to consider the cluster evolution
in the frequency domain for a static channel. For the time-
variant channels, which consists of a few or many snapshots,
the cluster evolution in the frequency domain can be processed
snapshot by snapshot since each snapshot is considered as a
static channel.

C. Statistical Parameters of Measured Sub-Band Channels

1) Parameters Estimation: As described in Section III-C
to split the 2 GHz band into sub-band channels, we estimated
the MPCs of each sub-band. For each FnS CIR, it consist
of delay/frequency 750 points. We split the 2–4 GHz band

(750 frequency points) into 25 sub-band channels (each having
30 frequency points) and split the 28–30 GHz band (750
frequency points) into 3 sub-band channels (each having 250
frequency points). The numbers of clusters estimated by K-
mean [64] are different in different sub-band channels due to
the FnS property within 2 GHz bandwidth. We then apply
visual judgement on the estimated clusters in each sub-band
channel. We determine 7 clusters for each sub-band channel
within the 2–4 GHz band and 10 clusters for each sub-band
channel within the 28–30 GHz band, which are the highest
reasonably estimated cluster numbers from those 30 sub-band
channels within 2–4 GHz band and 3 sub-band channels within
28–30 GHz band. It enables us to capture the cluster properties
of all the sub-band channels in different frequencies. The
procedure for the parameter estimations of all the sub-band
channels can be described by the pseudo code as below:

1: Determine the stationary bandwidth of sub-band channels,
and equally split the FnS channel into FS sub-band
channels according to the FSR;

2: while (o < number of sub-band channels) do
3: Estimate the delay, angle and the amplitude of the

MPCs in current sub-band channel by SAGE;
4: Cluster the MPCs;
5: Estimate the inter-cluster and intra-cluster parameters;
6: end while
7: Find out the statistics of the inter-cluster and intra-cluster

parameters of all sub-band channels.

The statistics of inter-cluster and intra-cluster parameters
of all the sub-band channels are illustrated in Table II and
Table III. Due to that it is similar to estimate the parameters
from the 14-16 GHz measurement data and for the compact
of content, we do not show the results.

Note that the parameters in the tables were estimated based
on one channel measurement campaign. They are unique
and considered as a deterministic description of the radio
environmental [11] (as well as survival probability [31]). We
do not recommend to use those parameters in the prediction
of the characteristics of channels in other environments. Much
more work is required to determine the channel parameters
used in this purpose and we leave it in the future at the
moment. In addition, there are specially developed ToA/AoA
algorithms that are used in the parameter estimation of UWB
channels [34], [65], [66]. We expect that some of the algo-
rithms could be used in the parameter estimations of FnS
mmWave channels. However, further studies are required to
verify the feasibility of them and we leave it in the future.

2) Trends of Statistical Parameters: The trends of statistical
parameters through all the sub-band channels need to be
estimated and those are the key factors in the implementation
of the FnS model. In [36], the trends of (inter-cluster) AS and
DS among sub-band channels, within 6 GHz bandwidth, were
described as exponential functions (similar trends are used
in the 5GCM and latest 3GPP channel models in the study
of the frequency dependent parameters from 1 GHz to 100
GHz). However, due to limited number of sub-band channels
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available for data analysis in our cases, we can only observe
the variation of those statistical parameters among sub-band
channels. We do not show them due to the page limit of paper.
Since it is not sufficient to find the exact trends of them, we
use linear trends instead, from the mean to the maximum.

V. GENERATION OF FNS CHANNEL COEFFICIENT

A. Generation of One Sub-Band Channel Coefficient

In this section, a revised 3GPP simulation model is used
to describe each of the sub-band channels, and this model
is suitable in the implementation of cluster evolution in the
frequency domain.

Step 1: Generate random delays based on exponential dis-
tribution as

τ ′u(fco) = −rτ (fco)στ (fco)ln(Xu) (12)

where rτ (fco) is the delay distribution proportionality factor,
στ (fco) is the DS (inter-cluster DS in this paper as well),
ln(·) is natural logarithm, and Xu is the random number
following uniform distribution, Xu ∼ Uni(0, 1). Normalize
delays τ ′u(fco) by subtracting the minimum delay and aligning
them in descending order. Then we get the inter-cluster delays
τu(fco) as

τu(fco) = sort(τ ′u(fco)−min(τ ′u(fco))). (13)

Step 2: The inter-cluster powers are generated as

P ′u(fco) = exp(−τu(fco)
rτ (fco)− 1

rτ (fco)στ (fco)
) (14)

Pu(fco) =
P ′u(fco)∑U
u=1 P

′
u(fco)

(15)

where P ′u(fco) is the random power following an exponential
delay distribution, Pu(fco) is the normalized inter-cluster
power. Note that there is no shadowing in the model, since
we focus on the small-scale parameters.

Step 3: Inter-cluster angles are generated as

θu(fco) = θmean
u (fco) + σθ(fco)Zu (16)

where the mean angle of cluster and standard deviation of
inter-cluster angles are denoted by θmean

u (fco) and σθ(fco).
The random number Zu follows standard normal distribution,
Zu ∼ N(0, 1).

Step 4: In order to make the cluster evolution possible in the
frequency domain, we modify the description of rays in the
3GPP model. We introduce certain variables in the modeling
of rays and we let the ray powers also follow exponential
distributions as cluster powers. In the generations of intra-
cluster parameters, such as delay of ray τu,v(fco), amplitude
of ray au,v(fco), and angle of ray θu,v(fco), we simply use
intra-cluster parameters to substitute the corresponding inter-
cluster parameters in (12)–(16), except that we use standard
deviation of ray delays to substitute στ (fco) in (12). The sum
of rays powers within one cluster should be equal to the power
of such cluster, i.e., Pu(fco) =

∑V
v=1 Pu,v(fco), Pu,v(fco) is

the ray power.
Step 5: Scale the intra-cluster parameters based on inter-

cluster parameters and sum up the ray powers (complex

numbers) as the cluster powers. Finally, the sub-band channel
coefficient can be generated as described in (10).

In the LOS case: Similar to 3GPP and ITU-R models, the
sub-band channel coefficient in LOS case is the combination of
a single LOS ray and a scale-down NLOS channel coefficient,
generated as above. Note that this generation method explains
the data analysis results in Fig. 7.

B. Cluster Evolution

In the implementation of FnS channel model, we only
generated the channel coefficient of first sub-band channel as
described above. After that, we apply the frequency domain
cluster evolution in the generation of the rest of sub-band chan-
nel coefficients according to the description in Section IV-C2.
For general purpose of the model, we suggest using trends to
describe 5 frequency-dependent parameters in the frequency
domain cluster evolution procedure. Those 5 parameters are
(inter-cluster) DSs, standard deviation of inter-cluster angles,
standard deviation of ray delays, standard deviation of intra-
cluster ray angles, and number of clusters in each sub-band
channel.

Based on the limited data, we choose to describe 4 param-
eters by linear trends from the mean value to the maximum
value as in Table II and Table III. We do not use the linear trend
for the number of clusters in the sub-band channels since we
do not have enough data to prove the trend. We fix the cluster
number for all sub-band channels instead.

C. Adding Up Sub-Band Channels

Once all the sub-band channel coefficients are generated,
we add them up as one FnS channel coefficient. The idea is
similar to the working principle of VNA in appendix IV.A.4
of [62]. The relationship of frequency/delay intervals and
frequency/delay points, that are used to describe the sub-band
channels in the time and frequency domains, can be simply
regulated as those in fast Fourier transformation (FFT) [67].
However, the adding-up step is a straightforward combination
of sub-band channels either in the frequency domain or in
the time domain. Note that there is no Fourier transformation
involved.

Fig. 13 is an example of adding up two sub-band channels.
Similarly, we can add up more sub-band channels in the same
manner. On the right hand side of the figure, the bandwidth
of FnS sounding signal H(f) is fs Hz, and it consists of Q
frequency points with equal frequency interval of fi Hz. We
split H(f) into two sub-band sounding signals Hsub(f, fc1)
and Hsub(f, fc2) with equal bandwidths of Q/2 frequency
points while keeping the frequency interval as fi Hz. Then,
we Fourier transform those sub-band sounding signals into
the time domain, and transmit them through the same static
environment. On the left hand side of the figure, each delay
bin of sub-band CIRs hsub(τ, fc1) and hsub(τ, fc2) is 2ts ns
(ts = 1/fs), and the lengths of hsub(τ, fc1) and hsub(τ, fc2)
are both τ ns (τ = 1/fi). After adding them up, each delay
bin of of FnS-CIRs h(τ) is ts ns, and the length of h(τ) is
still τ ns.
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Fig. 13. Example of adding up two sub-band channels as one FnS channel.

Fig. 13 also shows the main difference between the FS and
FnS channels in the channel modeling. The power in each
delay bin of FS-CIR (hsub(τ, fc1) and hsub(τ, fc2)) relate to
only one cluster and those powers are uncorrelated. This is the
WSS assumption in the frequency domain [11], [12]. While
the powers in the second and third delay bins of FnS-CIR
(h(τ)) relate to the same cluster. The powers of those two
delay bins are correlated and this violates WSS assumption in
the frequency domain.

D. Implementation Details
The procedure of generating a FnS channel coefficient can

be described as the pseudo code below:

1: Determine the number of sub-band channels, the number
of clusters in each sub-band channel, and the number of
rays within each cluster;

2: Determine the trends of (inter-cluster) DS and AS, and the
intra-cluster DS and AS for all the sub-band channels;

3: if (first sub-band channel) then
4: Generate the first sub-band channel coefficient accord-

ing to Section V-A, and save the delay, angle and power
of each cluster;

5: else
6: while (o < number of sub-band channels) do
7: Track and calculate the cluster survival probability

by (11) for each single cluster when it evolves to current
sub-band channel;

8: Once one cluster dies or the cluster number in-
creases, generate a new cluster with the (inter-cluster) ASs
and DSs following the trends. If the cluster survives, keep
the cluster delay, angle, and power in the current sub-band
channel;

9: Update all intra-cluster ASs and DSs by trends;
10: Regenerate intra-cluster delays, powers, and angles

of each cluster;
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Fig. 14. Frequency consistent simulated sub-band CIRs, 28–30 GHz band.

11: Generate the current sub-band channel coefficient;
12: end while
13: end if
14: Adding up all the sub-band channel coefficients as in

Section V-C.

VI. VALIDATION OF THE FNS CHANNEL MODEL

A. Simulation of FnS Channels

In simulations, the parameters used in the generation of the
first sub-band channel coefficients are the mean values in Table
II and Table III. In the procedure of cluster evolution in the
frequency domain, the linear trends of those parameters are
used, from the mean values to the max values. However, we
do not use trends for the numbers of clusters against sub-
band channels in our cases. We fixed the number of clusters
to 20 and number of rays within each cluster to 20 for all
sub-band channels. Fig. 14 shows the sub-band CIRs from
one simulation. The cross-correlation coefficients among the
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Fig. 15. FnS channels, NLOS scenario, 28–30 GHz band: (a) simulated FnS-
CIR and (b) measured FnS-CIR.

sub-band CIRs are between 0.785 and 0.8545. In Fig. 15a,
one simulated FnS-CIR for the channel in 28–30 GHz band
is shown. It represents the measured FnS-CIR within 40 dB
dynamic range in Fig. 15b. In Fig. 15a, the absolute gain
levels of the simulated CIR, in the range of [-50 -10] dB, are
normalized values. It can be scaled by large-scale parameters,
then, it can be close to the gain levels of measured CIR, in the
range of [-150 -80] dB, in Fig. 15b. However, we only focus
on the small-scale parameter and we keep the gain levels of
simulated CIR as normalized values.

The measured FnS channels were used as the references
in the validation of FnS channel model. We used the FCF
of the simulated FnS channel to approximate the FCF of
the measured FnS channel by optimization based on least
mean-square (LMS) method. During the frequency domain
cluster evolution process, we only changed the cluster survival
probability and the initial values of the random numbers,
Xu and Zu in (12) and (16). We notice that for a good
approximation, λ values in cluster survival probability (11)
found by optimization algorithm were between 0.05 and 0.1 in
the sub-band channels within the 2–4 GHz band, and between
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Fig. 16. FCF approximations, NLOS scenario: (a) 2–4 GHz band and (b)
28–30 GHz band.

0.025 and 0.05 in those within the 28–30 GHz band. We also
found that the clusters can survive 1–15 sub-band channels
(25 in total) within the 2–4 GHz band in the cluster evolution.
Since there are only 3 sub-band channels within the 28–30
GHz band, finding that the clusters survived for all 13 sub-
band channels was expected. The results of approximations
can be found in Fig. 16. We can see that the simulations
could follow the measured data in both the 2–4 GHz and 28–
30 GHz bands very well. The difference of those two bands
between the simulation and measurement within first 150 MHz
frequency lags is about 3% in the LMS optimization. Due to
using a similar procedure for the verification of the model for
14–16 GHz band and the similar results, we do not show the
details for conciseness purposes.

Note that if we fix the number of clusters to 10 in each sub-
band channels (same as that used in the parameters estimation
in Section IV-C), the FCF approximation results are similar.
However, the FCFs of simulated FnS channel are generally
fluctuating with larger deviation surrounding the FCFs of
measured FnS channels.
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B. Amplitude Distribution of Simulated FnS channels
In the literature, the UWB channel models address the FnS

channels [62]. The Nakagami-m distribution [68], [69] was
used to describe the signal amplitudes of UWB channels and
the estimated m-values were close to 1. Since the proposed
FnS channel model can be used to model UWB channels, we
expect that the signal amplitudes of simulated FnS channels
also follow Nakagami-m distributions. However, we do not use
m values to affect the performance of the propose FnS model,
because the related mathematical deductions for the fading
properties of FnS channels are difficult and challenging. It
is due to that the different durations of delay bins between
those in sub-band channels and those in FnS channels as
shown in Fig. 13. We have been unable to find the related
mathematical explanation in the literature. Instead, the m
values are estimated based on massive generated FnS CIRs,
which is similar to estimating the statistical parameters based
on the real channel measurement data.

We simulate the FnS channel model 50,000 times working
in the 28–30 GHz band for the NLOS case. In order to increase
the chance that the cluster powers of sub-band FS-CIRs can
fall into the same delay bin of the FnS-CIR when adding up
the sub-band channels, we increase the number of clusters in
the sub-band channels to 60 (20 clusters was used formerly).

We use Nakagami-m distribution to approximate the ampli-
tude in each delay bin of simulated FnS-CIRs. For most of the
delay bins, the estimated m-values are around 0.83 and 1.44. If
increase the number of clusters in each sub-band channel from
60 to higher values, the m-values increase correspondingly.
Similar results are found in the simulations of FnS-CIRs in
2–4 GHz band for NLOS case. However, in order to let the
m-values close to 1, the number of clusters in each sub-band
channel used in the simulation is about 100.

VII. CONCLUSIONS

A general APDP method has been introduced to determine
the stationarity regions of wireless channels in the time, fre-
quency, and spatial domains. It is an extension of the original
APDP method used to study the stationarities of channels in
time and spatial domains. We have applied this method to
an empty basement channel measurements in a sub-6 GHz
frequency band (2–4 GHz) and two mmWave frequency bands
(14–16 GHz and 28–30 GHz). We have found that the FSRs of
channels in the mmWave frequency bands are larger than those
in the sub-6 GHz frequency band. We have also addressed the
FnS properties of channels in all the three measured frequency
bands.

To the best of our knowledge, the existing 5G standard
channel models did not consider frequency non-stationarity
and are not suitable for modeling the measured FnS channels
in our case. Therefore, we have proposed a novel B5G FnS
channel model that is suitable to model wireless channels in
all frequency bands. We have proposed to split a FnS channel
into a few FS sub-band channels and model them one by one.
Finally, these FS sub-band channel models are combined as
one FnS channel model by taking into account the frequency-
domain cluster evolution and frequency consistency of sub-
band channels. The FCFs of the simulated and measured FnS

channels have been compared, showing that the simulations
can successfully approximate the measurement data in both
the 2–4 GHz and 28–30 GHz frequency bands. This has partly
verified the validity of the porposed FnS channel model.
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