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Abstract—The sixth generation (6G) pervasive channel mod-
el (6GPCM) can characterize channels for all spectra from
the sub-6 GHz band to the visible light communication (VL-
C) band and all scenarios, such as maritime, (ultra-)massive
multiple-input multiple-output (MIMO), and industrial Inter-
net of things (IIoT) communication scenarios in 6G wireless
systems. The unified channel model can enable us to analyze
channel statistical properties in systems using different scales
of antenna arrays, different frequency bands, and different
scenarios with different movement speeds. In this paper, we
conduct a complete study on space-time-frequency (STF) statis-
tical properties of the 6GPCM. Mathematical derivations and
simulations are provided, including STF correlation function
(STFCF), spatial/temporal/frequency correlation functions, an-
gular/Doppler/delay power spectral densities (PSDs), root mean
square (RMS) angular/Doppler/delay spreads, coherence dis-
tance/time/bandwidth, stationary distance/time/bandwidth, and
level-crossing rates (LCRs)/average fade durations (AFDs) in
STF domains. In addition, we classify these statistical properties
according to their definitions and then reveal the complex
relationships between them and channel model parameters. This
work will lay a solid foundation and offer useful guidelines for
research on 6G wireless communication systems.

Index Terms—6G pervasive channel model, channel model
parameters, geometry-based stochastic model (GBSM), space-
time-frequency non-stationarity, space-time-frequency statistical
properties.
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THE sixth generation (6G) wireless communication sys-
tems are expected to utilize new frequency bands, such

as the terahertz (THz) [1] and visible light communication
(VLC) [2] bands, and new technologies, such as ultra-massive
multiple-input multiple-output (MIMO) [3] and reconfigurable
intelligent surface (RIS) [4] to serve space-air-ground-sea
integrated communication networks [5]. An insightful under-
standing of the underlying properties of 6G channels between
transmitters (Txs) and receivers (Rxs) is a prerequisite for the
system design, theoretical analysis, performance evaluation,
optimization, and deployment of 6G wireless communication
systems [6], [7].

However, there lacks a comprehensive and in-depth analysis
of all 6G channel statistical properties. Most of the studies only
focus on a portion of these channel properties. For example,
authors in [8] introduced and explained correlation functions
(CFs) and the corresponding power spectrum densities (PS-
Ds) of a general space-time-frequency (STF) non-stationary
channel. Other channel properties, such as the delay spread,
Doppler spread, stationary time, were not studied. Note that in
this paper, stationary time refers to the stationary interval in the
time domain in order to distinguish it from stationary intervals
in the space and frequency domains. Also, level crossing rate
(LCR) and average fade duration (AFD) of a three dimensional
(3D) unmanned aerial vehicle (UAV) channel model in the
time domain were investigated in [9]. The angular spreads
and delay spreads of the urban macro (UMa) channels in
two typical street canyon scenarios were investigated based
on extensive field measurements and modeling in [10]. The
authors in [11] discussed and analyzed the channel statistical
properties related to directional dispersion and spatial selec-
tivity, such as angular PSD, angular spread, and coherence
distance of wireless channel. Their relationships were also
analyzed. Moreover, in [12], the authors derived and analyzed
the different time-variant channel statistical properties in the
high-speed train (HST) tunnel propagation scenario, such as
spatial cross-correlation function (SCCF), Doppler PSD, and
temporal autocorrelation function (TACF). In [13], the LCRs
and AFDs of different UAV scenarios and their impact factors
were studied. All these works have only studied part of the
channel statistical properties in limited domains or scenarios.
Besides, none of these studies has analyzed the relationships
between channel parameters and channel statistical properties,
except in very few cases.

The 6G pervasive channel model (6GPCM) [14] was pro-
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posed as a 3D cluster-based STF non-stationary geometry-
based stochastic model (GBSM) for 6G wireless communi-
cation systems. It can be utilized to characterize wireless
channels for all scenarios and all spectrum bands from sub-6
GHz to VLC [15] bands. All scenarios include global-coverage
scenarios including low earth orbit (LEO) satellite, UAV, and
maritime communications [16] scenarios, and full-application
scenarios, such as (ultra-)massive MIMO [17], RIS [18], and
industrial Internet of things (IIoT) [19] scenarios. Therefore,
such a unified channel model has the capability to analyze the
impacts of different frequency bands, scenarios, motions of the
Tx and/or the Rx and/or scatterers, and scales of antenna arrays
on channel statistical properties. However, only part of the
statistical properties of the 6GPCM were studied without in-
depth analysis in [14]. Also, the complicated mapping between
the channel statistical properties and different frequency bands,
scenarios, and system settings was not revealed.

To fill the above gap, in this paper we provide a complete
study of channel statistical properties of the 6GPCM with both
mathematical derivations and simulations. We classify them
according to the space/time/frequency domains and relation-
ships among their calculation methods. Also, the impacts of
different frequency bands, scenarios, and system settings on
statistical properties are thoroughly investigated. The novelties
and main contributions of this paper are as follows:

1) We perform a comprehensive analysis of all channel
statistical properties of the 6GPCM with both theoret-
ical derivations and simulations, including STF corre-
lation function (STFCF), SCCF, TACF, frequency cor-
relation function (FCF), angular/Doppler/delay PSDs,
root mean square (RMS) angular/Doppler/delay spread-
s, coherence distance/time/bandwidth, stationary dis-
tance/time/bandwidth, LCRs, and AFDs in STF domains.

2) Some theoretical/simulated key statistical properties of
the 6GPCM are compared with the corresponding mea-
surement data, including SCCF, TACF, FCF, angu-
lar/Doppler PSDs, RMS delay spread, coherence distance,
and LCRs in space, time, and frequency domains.

3) The relationships between the channel model parameters
and all channel statistical properties at different frequency
bands in different scenarios are thoroughly investigated
and revealed by both theoretical derivations and simula-
tions.

The rest of this paper is organized as follows. In Section I,
the 6GPCM [14] and its parameters are briefly reviewed.
Theoretical derivations, relationships, and classifications for
channel statistical properties of the 6GPCM are provided in
Section II. The theoretical/simulation results are presented
and compared with the corresponding measurement results in
Section III. Finally, conclusions are drawn in Section IV.

The illustration of the 6GPCM is shown in Fig. 1. For
clarity, the figure shows only the nth (n = 1, ..., Nqp(t))
clusters, where Nqp(t) is the number of clusters between ATp
and ARq . Here, ATp represents the pth antenna element of the
Tx antenna array and ARq represents the qth antenna element
of the Rx antenna array. Besides, Fig. 1 shows a multi-bounce
propagation phenomenon where the nth cluster is essentially a

cluster pair including the first-bounce cluster CAn and the last-
bounce cluster CZn . The propagation between CAn and CZn is
a virtual link [20]. When the delay of the virtual link is zero,
CAn and CZn become the same and the multi-bounce cluster
degenerates into a single-bounce cluster. Also, there are Mn(t)
rays in the nth cluster at time instant t. Moreover, the dotted-
line components in the figure represent movements of Tx, Rx,
and clusters in the channel, since the 6GPCM supports multi-
mobility. Other parameters are defined in Table I.

A. Channel Impulse Response (CIR)

The complex channel matrix of the 6GPCM can be ex-
pressed as

H = [PL · SH ·BL ·WE ·AL]
1/2 ·Hs (1)

where PL, SH , BL, WE, and AL are path loss, shadowing,
blockage loss [21], weather effect loss [22], and atmospheric
gas absorption loss [23], respectively. We focus on analyzing
the statistical properties of small-scale fading (SSF) in this
paper. SSF in radio frequency channels can be represented as
Hs = [hqp,fc(t, τ)]MR×MT

, where the CIR hqp,fc(t, τ) can be
calculated as

hqp,fc(t, τ)=

√
K(t)

K(t) + 1
hL
qp,fc(t, τ)+

√
1

K(t) + 1
hN
qp,fc(t, τ).

(2)

Here, K(t) is the Ricean K-factor at time instant t, hLqp,fc(t, τ)

and hNqp,fc(t, τ) are the CIRs of the line-of-sight (LoS) com-
ponent and the non-LoS (NLoS) component as

hLqp,fc(t, τ)=

[
Fq,fc,V

(
φRE,L(t), φRA,L(t)

)
Fq,fc,H

(
φRE,L(t), φRA,L(t)

) ]T
[
ejθ

V V
L 0

0 ejθ
HH
L

]

Fr

[
Fp,fc,V

(
φTE,L(t), φTA,L(t)

)
Fp,fc,H

(
φTE,L(t), φTA,L(t)

) ] · ej2πfcτLqp(t)δ
(
τ − τLqp(t)

)
(3)

and

hNqp,fc(t, τ) =

Nqp(t)∑
n=1

Mn(t)∑
m=1

[
Fq,fc,V

(
φRE,mn(t), φRA,mn(t)

)
Fq,fc,H

(
φRE,mn(t), φRA,mn(t)

) ]T

 ejθ
V V
mn

√
µκ−1

mn(t)ejθ
VH
mn√

κ−1
mn(t)ejθ

HV
mn

√
µejθ

HH
mn

Fr[
Fp,fc,V

(
φTE,mn(t), φTA,mn(t)

)
Fp,fc,H

(
φTE,mn(t), φTA,mn(t)

) ]√Pqp,mn,fc(t)
· ej2πfcτqp,mn (t) · δ (τ − τqp,mn(t)) . (4)

In (3) and (4), {·}T denotes the transposition operation,
Fp(q),fc,V and Fp(q),fc,H stand for the antenna patterns. Also,
κmn(t) and µ are the cross polarization power ratio and the
co-polar imbalance [8], respectively. In addition, θV Vmn , θV Hmn ,
θHVmn , θHHmn , θV VL and θHHL are the initial phases, which are
random variables uniformly distributed over (0, 2π]. Moreover,
Fr represents Faraday rotation matrix in a LEO satellite sce-
nario [24]. In the derivations of channel statistical properties,
we set Fr = 1. Additionally, Pqp,mn,fc(t) and τqp,mn(t) are
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Fig. 1. Illustration of the 6GPCM [14].

TABLE I
DEFINITIONS OF MAIN CHANNEL PARAMETERS [14].

Parameter Definition
MT /MR The number of antenna elements of the Tx/Rx antenna array

ATp /A
R
q The pth/qth antenna element of the Tx/Rx antenna array

δTp /δ
R
q Antenna element spacing between ATp /A

R
q to AT1 /A

R
1

~ATp /
~ARq Coordinate of ATp /ARq in global coordinate

~CAn /
~CZn Coordinate of center of CAn /C

Z
n relative to reference antenna element ~AT1 / ~AR1

~CAmn/
~CZmn Coordinate of mth scatterer in CAn /C

Z
n relative to reference antenna element ~AT1 / ~AR1

βTA/β
T
E The azimuth angle/the elevation angle of the Tx antenna array

βRA/β
R
E The azimuth angle/the elevation angle of the Rx antenna array

φTA,mn (t) Azimuth angle of departure (AoD) of CAmn at t

φTE,mn (t) Elevation AoD of CAmn at t

φRA,mn (t) Azimuth angle of arrival (AoA) of CZmn at t

φRE,mn (t) Elevation AoA of CZmn at t

αT (R)A(t)/α
T (R)E(t) Azimuth/elevation angle of moving direction of the Tx (Rx) antenna array at t

αAnA (t)/αAnE (t) Azimuth/elevation angle of moving direction of CAn at t

~vT (t)/~vR(t) Moving speed vector of the Tx/Rx antenna array at t

~vAn (t)/~vZn (t) Moving speed vector of CAn /CZn at t

D Distance between antenna elements AT1 and AR1 at initial time

Dqp(t) Distance between antenna elements ATp and ARq at t

d̂Tp, mn (t)/d̂
R
q, mn (t) Unit vector between ATp and CAmn /ARq and CZmn at t

the time-varying power and delay of the mth ray in the nth
path between ATp and ARq , respectively. In multi-bounce paths,
τqp,mn(t) = (dTmn(t) +dRmn(t))/c+ τ̃mn(t), where τ̃mn is the
delay of the virtual link between CAmn and CZmn . Also, τLqp(t)
is the LoS-path time delay at time t, which can be calculated
as τLqp(t) = Dqp(t)/c, where c is the speed of light. Then we
can calculate the power Pqp,mn,fc (t) using the delay [14].

For the positions of scatterers, they are modeled by the el-
lipsoid Gaussian scattering distribution [8] in 6GPCM. In this
model, distributions of scatterers centering (d̄Xn , φ̄

X
E,n, φ̄

X
A,n)

in the nth cluster on three axes follow three independent
Gaussian distributions with standard deviation of σTx (σRx ), σTy
(σRy ), and σTz (σRz ) at the Tx (Rx) side, respectively. Then,

we can obtain ~CAmn =
(
dTmn , φ

T
A,mn

, φTE,mn
)

and ~CZmn =(
dRmn , φ

R
A,mn

, φRE,mn
)
. Here, dTmn /dRmn , φTA,mn /φRA,mn , and

φTE,mn /φRE,mn are the distance, azimuth angle, and elevation
angle of the mth ray in the nth cluster relative to ~AT1 / ~AR1 ,
respectively.

Using the geographical positions of Tx, Rx, and scatterers,
the delays, angles, and powers of the rays in the clusters
can be obtained. For convenience, we have omitted the time
variable t, but note that these variables are all time-varying.
Furthermore, the 6GPCM supports birth-death processes of
clusters in STF domains [14]. The number of clusters at time
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instant t can be calculated as

N(t) = Nsurv(t) +Nnew(t) (5)

where Nsurv(t) is the number of survived clusters at time
instant t. It is determined by the survival probability
Psurv (δp, δq,∆tBD,∆fBD), given by

Psurv (δp, δq,∆tBD,∆fBD) (6)

= PTsurv (∆tBD, δp)P
R
surv (∆tBD, δq)Psurv (∆fBD) .

Here, ∆tBD and ∆fBD are integer multiples of ∆t and ∆f , re-
spectively. Calculations and typical values of (6) can be found
in [25], [26]. Additionally, Nnew(t) is the newly generated
clusters at time instant t. It follows the Poisson distribution
with mean value E (Nnew), given by

E (Nnew) =
λG
λR

(1− Psurv (δp, δq,∆tBD,∆fBD)) (7)

where λG is the generation (birth) rate of clusters and λR is
the recombination (death) rate of clusters. Their typical values
can be found in [8].

B. Channel Transfer Function (CTF)

We can get the CTF by taking the Fourier transform of the
CIR in (2) over τ as

Hqp,fc(t, f)=

√
K(t)

K(t)+1
HL
qp,fc(t, f)+

√
1

K(t)+1
HN
qp,fc(t, f)

(8)

where HL
qp,fc

(t, f) is

HL
qp,fc(t, f)=

[
Fq,fc,V

(
φRE,L(t), φRA,L(t)

)
Fq,fc,H

(
φRE,L(t), φRA,L(t)

) ]T
[
ejθ

V V
L 0

0 ejθ
HH
L

]

Fr

[
Fp,fc,V

(
φTE,L(t), φTA,L(t)

)
Fp,fc,H

(
φTE,L(t), φTA,L(t)

) ] · ej2π(fc−f)τLqp(t) (9)

and HN
qp,fc

(t, f) is

HN
qp,fc(t, f) =

Nqp(t)∑
n=1

Mn(t)∑
m=1

[
Fq,fc,V

(
φRE,mn(t), φRA,mn(t)

)
Fq,fc,H

(
φRE,mn(t), φRA,mn(t)

) ]T

 ejθ
V V
mn

√
µκ−1

mn(t)ejθ
VH
mn√

κ−1
mn(t)ejθ

HV
mn

√
µejθ

HH
mn

Fr

[
Fp,fc,V

(
φTE,mn(t), φTA,mn(t)

)
Fp,fc,H

(
φTE,mn(t), φTA,mn(t)

) ]√Pqp,mnfc(t)
· ej2π(fc−f)τqp,mn (t). (10)

Note that, when large bandwidth in the millimeter wave
(mmWave) or THz bands is used, we need to multiply the pow-
er by

(
f
fc

)γmn
to mimic the frequency-dependent property in

the frequency domain, where γmn is the frequency-dependent
factor [27].

II. STATISTICAL PROPERTIES OF THE 6GPCM

In general, we introduce channel statistical properties in
the sequence of space/angle domain, time/Doppler frequency

domain, and frequency/delay domain. This section is divid-
ed into six sub-sections from Section III-A to Section III-
F corresponding to six red dashed line boxes in Fig. 2,
respectively. Firstly, we can get the STF non-stationary CF
using the CTFs of channels in Section III-A. Then, space-
or time- or frequency-domain correlation function can be
obtained from the general STF non-stationary CF by imposing
the intervals in the other two domains to 0. Afterwards, the
PSDs, RMS spreads, and coherence variables can be calculated
from the CFs for different domains. These statistical properties
in different domains are described in Section III-B, Section
III-C, and Section III-D, respectively. In order to understand
the stationarity regions, stationary distance/time/bandwidth are
investigated in Section III-E. In addition, we can obtain the
amplitude probability density function (PDF) and phase PDF
using the CTF of the channel. Finally, in Section III-F we study
LCRs and corresponding AFDs in space, time, and frequency
domains based on their amplitude PDF and the joint PDF of
the amplitude and the amplitude slope.

A. STF Non-stationary CF

STF non-stationary CF measures the correlation between t-
wo channels at different time instants and different frequencies
between different antenna elements. The STF non-stationary
CF between Hqp(t, f) and Hq̃p̃(t+ ∆t, f + ∆f) is defined as

Rqp,q̃p̃
(
t, f ; ∆rT ,∆rR,∆t,∆f

)
= E

[
Hqp (t, f)H*

q̃p̃ (t+ ∆t, f + ∆f)
]

(11)

where E [·] is the statistical average, (·)* is the complex
conjugation operation, ∆rT is the antenna element spacing
between ATp to ATp̃ and ∆rR is the antenna element spacing
between ARq to ARq̃ , as ∆rT = δp̃ − δp and ∆rR = δq̃ − δq .
By substituting (8) into (11), the STF non-stationary CF can
be rewritten as

Rqp,q̃p̃
(
t, f ; ∆rT ,∆rR,∆t,∆f

)
=

√
K(t)

K(t) + 1
· K(t+∆t)

K(t+∆t)+1
RLqp,q̃p̃

(
t, f ; ∆rT ,∆rR,∆t,∆f

)
+

√
1

K(t)+1
· 1

K(t+∆t)+1
RNqp,q̃p̃

(
t, f ; ∆rT ,∆rR,∆t,∆f

)
(12)

where RLqp,q̃p̃
(
t, f ; ∆rT ,∆rR,∆t,∆f

)
is the STF non-

stationary CF of LoS component. It can be calculated as

RLqp,q̃p̃
(
t, f ; ∆rT ,∆rR,∆t,∆f

)
=E

[
HL
qp,fc(t, f)H*L

q̃p̃,fc(t+∆t, f+∆f)
]

=ej2π
(fc−f)(dqp(t)−dq̃p̃(t+∆t))

λfc
−j2π∆f

dq̃p̃(t+∆t)

λfc (13)

where dqp(t)/dq̃p̃(t) represents the travel distance from ATp /ATp̃
to ARq /ARq̃ of the LoS component. However, the calculation is
complicated and the details can be referred to [14].

Also, RNqp,q̃p̃
(
t, f ; ∆rT ,∆rR,∆t,∆f

)
is the STF non-



IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. XX, NO. XX, AUGUST 2023 5

Tx spatial AFD

Tx spatial AFD

AoD PSD

AoA PSD

Temporal LCR

CTF                 

TACF

Temporal AFD

SCCF

RMS AoD Spread

RMS AoA Spread

Angular PSD
Fourier 

transform

Reciprocal

RMS Doppler 

spread

Doppler PSD

Coherence 

time

Fourier 

transform

Reciprocal

FCF

RMS delay 

spread

Delay PSD

Coherence 

bandwidth
Reciprocal

Inverse

Fourier 

transform

CIR                 

Correlation coefficients of two channels in STF domains

Tx stationary distance   

Rx stationary distance

Frequency LCRTx spatial LCR

Rx spatial LCR

Space/Angle domain Time/Doppler domain Frequency/Delay domain

( , )fL f
( , )tL t

Frequency AFD

( , )qph t  ( , )qpH t f

0, 0t f =  =

,
( , ; ),

qp qp

T R
R t f r r  ( , ; )

qp
R t f t ( , ; )

qp
R t f f

, AoD AoA( , ; ),
qp qp

S t f  
( , ; )

qp
S t f 

( , )
qp

T t f
,

( , )
qp

t f



,
( , )

qp
t f




, , ( , ; , , , )T R

qp qpR t f r r t f    

, ,
( , )

s qp p

T
I t f Stationary time

,
( , )

t qp
I t f

Stationary bandwidth

,
( , )

f qp
I t f

Section III-B Section III-C Section III-D

Section III-A

Section III-F

Section III-E

( , ; )
qp

S t f 

( , )
qp

B t f
AoA , , ( , )qp q t f

Average

Doppler 

shift

,
( , )

qp
t fu



Average 

delay

,
( , )

qp
t fu



Average AoD

Average AoA

AoD , , ( , )qp pu t f

AoA , , ( , )qp qu t f

Tx coherence 

distance

Rx coherence 

distance

, ( , )T

qp pD t f

, ( , )R

qp qD t f

0 0, 0,T R
r r t =  =  =0 0, 0,T R

r r f =  =  =

Fourier 

transform

, ,
( , )

s qp q

R
I t f

AoD , , ( , )qp p t f

, AoD( , ; )
qp p

S t f 

, AoA( , ; )
qp q

S t f 

Temporal phase 

PDF ( ),tp t



Temporal amplitude

PDF ( ),tp t



 and  

are constants

t f ,  , and 

are constants

p q f

Freq. phase PDF

( ),fp f



Freq. amplitude 

PDF ( ),fp f



STF non-stationary CF , ( , ; , ), ,T R

qp qp r rR t f t f   

Tx spatial amplitude PDF

Rx spatial amplitude PDF
,

( , )
q

T

sp r



,
( ),

p

R

sp r



Tx spatial phase PDF

Rx spatial phase PDF
,

( ),
q

T

sp r



,
( ),

p

R

sp r



, ( , )R

p sL r

, ( , )R

p sL r


( , )
t
L t ( , )fL f

,  , and 

are constants

p q t

Fourier 

transform
Tx SCCF

Rx SCCF

,
( , ; )

qp q

R
R t f r

,
( , ; )

qp p

T
R t f r

Fourier 

transform

0 0, 0,T R
r r f =  =  = 0 0, 0,T R

r r t =  =  =

thresh_IT,max{ | ( , ; ) }qpt R t f t c  
thresh_IF,max{ | ( , ; ) }qpf R t f f c  

0, 0t f =  =

thresh_IST, ,max{ | ( , ; ) }
T T

qp pr R t f r c  

Reciprocal

thresh_ISR, ,max{ | ( , ; ) }
R R

qp qr R t f r c  

, ( , )T

q sL r

, ( , )T

q sL r

Fig. 2. Relationships and classifications of channel statistical properties.

stationary CF of NLoS components. It can be calculated as

RNqp,q̃p̃

(
t, f ; ∆rT ,∆rR,∆t,∆f

)
=E

[
HN
qp,fc (t, f)H*N

q̃p̃,fc (t+∆t, f+∆f)
]

=Psurv

(
∆rT,∆rR,∆t,∆f

)
E

Nqp(t)∑
n=1

Mn(t)∑
m=1

√
Pqp,mn (t, f)

√
Pq̃p̃,mn (t+ ∆t, f + ∆f)

· ej2π(fc−f)
dqp,mn (t)−dq̃p̃,mn

(t+∆t)

λfc
−j2π∆f

dq̃p̃,mn
(t+∆t)

λfc

]
. (14)

Similarly, calculations of dqp,mn(t) and dq̃p̃,mn(t) of NLoS

components can be referred to [14].
A channel is STF non-stationary if the STFCF is not only

a function of ∆rT , ∆rR, ∆t, and ∆f , but also relies on the
antenna element indexes p/q, time instant t, and frequency
point f . As shown in Fig. 3, when the channel is wide-sense
stationary (WSS) in the space domain, the space WSS STFCF
can be written as R(t, f ; ∆rT ,∆rR,∆t,∆f). When the chan-
nel is WSS in the time domain, the time WSS STFCF can
be written as Rqp,q̃p̃(f ; ∆rT ,∆rR,∆t,∆f). Also, when the
channel is WSS in the frequency domain, the frequency WSS
STFCF can be written as Rqp,q̃p̃(t; ∆rT ,∆rR,∆t,∆f). In
addition, we can further assume that the channel is WSS in two
domains, or in other words the channel is non-stationary in the
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Fig. 3. STFCFs under different stationary conditions.

third domain. For example, if the channel is WSS in the space-
time domains, the space-time WSS STFCF can be written as
R(f ; ∆rT ,∆rR,∆t,∆f). If the channel is WSS in the time-
frequency domains, the time-frequency WSS STFCF can be
written as Rqp,q̃p̃(∆rT ,∆rR,∆t,∆f). Also, if the channel
is WSS in the space-frequency domains, the space-frequency
WSS STFCF can be written as R(t; ∆rT ,∆rR,∆t,∆f).
Finally, if the channel is WSS in the STF domains, the STFCF
can be written as R(∆rT ,∆rR,∆t,∆f). In the following
subsections, unless otherwise specified, we assume that the
channel is non-stationary in the STF domains.

B. SCCF, Coherence Distance, Angular PSD, and RMS An-
gular Spread

1) SCCF: The STF non-stationary CF can be decomposed
into SCCF Rqp,q̃p̃

(
t, f ; ∆rT ,∆rR

)
by setting ∆t = 0 and

∆f = 0. It is important to mention that use the same
transmitting antenna element ATp , i.e., ∆rT = 0, resulting
in the SCCF Rqp,q̃

(
t, f ; ∆rR

)
at the Rx side. Also, use the

same receiving antenna element ARq , i.e., ∆rR = 0, resulting
in the SCCF Rqp,p̃

(
t, f ; ∆rT

)
at the Tx side. Here, SCCF

at the Tx side Rqp,p̃
(
t, f ; ∆rT

)
is used by setting ∆t = 0,

∆f = 0, q = q̃, and ∆rR = 0 in (11) as an example for
analysis. It can be obtained as

Rqp,p̃
(
t, f ; ∆rT

)
= E

[
Hqp (t, f)H∗

qp̃ (t, f)
]

=
K (t)

K (t) + 1
RLqp,p̃

(
t, f ; ∆rT

)
+

1

K (t) + 1
RNqp,p̃

(
t, f ; ∆rT

)
=

K (t)

K (t) + 1
e
j2π

(fc−f)(dqp(t)−dqp̃(t))
λfc +

1

K (t) + 1
Psurv

(
∆rT

)
E

Nqp(t)∑
n=1

Mn(t)∑
m=1

√
Pqp,mn (t, f)

√
Pqp̃,mn (t, f)

e
j2π

(fc−f)(dqp,mn (t)−dqp̃,mn (t))
λfc

]
. (15)

Following some simplifications [8] and assuming that the
environment is static, dqp,mn(t)−dqp̃,mn(t) can be obtained
as

dqp,mn(t)−dqp̃,mn(t)

= cos(ϑT )(δp̃−δp)+sin2(ϑT )(δ2
p−δ2

p̃)/(2dTp,mn) (16)

where ϑT is the angle between the Tx and the departure wave
of CAmn . It is determined by

cos(ϑT ) = cos(φTE,mn)cos(βTE)cos(βTA−φTA,mn)
+sin(φTE,mn) sin(βTE). (17)

Similarly, the SCCF observed at the Rx side Rqp,q̃
(
t, f ; ∆rR

)
can also be obtained.

2) Coherence Distance: The coherence distance on the
antenna array axis is the minimum antenna element spacing
within which the SCCF equals to the threshold cthresh D ∈
[0, 1]. The Tx-side coherence distance is defined as

DT
qp,p̃(t, f)=min

{
∆rT >0 :Rqp,p̃

(
t, f ; ∆rT

)
= cthresh D

}
.

(18)

Similarly, the Rx-side coherence distance DR
qp,q̃(t, f) based on

the Rx-side SCCF Rqp,q̃
(
t, f ; ∆rR

)
can also be obtained.

3) Angular PSD: Spatial-Doppler PSD
Sqp,q̃p̃

(
t, f ;$T , $R

)
is defined as the Fourier transform of

SCCF Rqp,q̃p̃
(
t, f ; ∆rT ,∆rR

)
with respect to (w.r.t.) the

interval ∆rT and ∆rR. Here, spatial-Doppler PSDs at the Tx
and Rx sides, i.e., Sqp,p̃

(
t, f ;$T

)
and Sqp,q̃

(
t, f ;$R

)
, can

be obtained as

Sqp,p̃
(
t, f ;$T

)
=

∫
Rqp,p̃

(
t, f ; ∆rT

)
e−j2π$

T∆rT d∆rT

(19)
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Sqp,q̃
(
t, f ;$R

)
=

∫
Rqp,q̃

(
t, f ; ∆rR

)
e−j2π$

R∆rRd∆rR

(20)

where $T ($R) is the spatial-Doppler frequency variable. In
the above expressions, $T (R) is defined as $T (R) = ΩT (R) ·
βT (R), where ΩT (R) is the unit vector of the AoD (AoA) wave
and βT (R) is the orientation of the antenna array at the Tx (Rx)
side [11]. Notice that, if ϑT (R) is the angle between ΩT (R)

and βT (R), then $T (R) = cos(ϑT (R)) [11]. Consequently,
the angular PSD Sqp,q̃p̃ (t, f ;φAoD, φAoA) can be obtained
from the spatial-Doppler PSD Sqp,q̃p̃

(
t, f ;$T , $R

)
using

the coordinate transformation between φAoD (AoA) and $T (R).
Also, the AoD PSD is Sqp,p̃ (t, f ;φAoD) and AoA PSD is
Sqp,q̃ (t, f ;φAoA).

4) RMS Angular Spread: The RMS angular spread at
the Tx side, which is the AoD spread, is the square root
of the second-order central moment of angular PSD at the
corresponding side, defined as

σφAoD,qp,p̃ (t, f)

=

√√√√√√√√
2π∫
0

(φAoD − uφAoD,qp,p̃ (t, f))2Sqp,p̃ (t, f ;φAoD) dφAoD

2π∫
0

Sqp,p̃ (t, f ;φAoD) dφAoD

(21)

where Sqp,p̃ (t, f ;φAoD) is the Tx-side AoD PSD. Here,
uφAoD,qp,p̃ (t, f) is the average AoD and is also the first-order
moment of Tx-side AoD PSD. In the same way, we can get
the average AoA uφAoA,qp,q̃ (t, f) and the Rx-side RMS AoA
spread σφAoA,qp,q̃ (t, f), which are the first-order moment and
the square root of the second-order central moment of Rx-side
AoA PSD Sqp,q̃ (t, f ;φAoA).

C. TACF, Coherence Time, Doppler PSD, and RMS Doppler
Spread

1) TACF: TACF measures the time correlation of the
channel. Let ∆rT = 0,∆rR = 0, and ∆f = 0, i.e., using
the same antenna elements at both Tx and Rx sides, in (11),
we can obtain the TACF Rqp (t, f ; ∆t) as

Rqp (t, f ; ∆t) = E
[
Hqp,fc (t, f)H*

qp,fc (t+ ∆t)
]

=

√
K(t)

K(t) + 1
· K(t+∆t)

K(t+∆t)+1
RLqp (t, f ; ∆t) +√

1

K(t)+1
· 1

K(t+∆t)+1
RNqp (t, f ; ∆t) . (22)

Here, RLqp (t, f ; ∆t) is the TACF of the LoS component and
is given by

RLqp (t, f ; ∆t) = ej2π
(fc−f)(dqp(t)−dqp(t+∆t))

λfc . (23)

Also, the TACF of the NLoS component RNqp (t, f ; ∆t) can be
calculated as

RNqp (t, f ; ∆t) = Psurv (∆t)E

Nqp(t)∑
n=1

Mn(t)∑
m=1

√
Pqp,mn (t, f)

√
Pqp,mn (t+ ∆t, f) · ej2π(fc−f)

dqp,mn (t)−dqp,mn (t+∆t)

λfc

]
(24)

where dqp,mn (t) − dqp,mn (t+ ∆t) in (24) can be approxi-
mated as

dqp,mn(t)−dqp,mn (t+ ∆t)=−||~vT + ~vAn + ~vR + ~vZn ||∆t.
(25)

2) Coherence Time: Coherence time is the minimum time
interval that fulfils the condition that the TACF equals to the
threshold cthresh T ∈ [0, 1], as

Tqp(t, f) = min
{

∆t > 0 : Rqp (t, f ; ∆t) = cthresh T
}
. (26)

3) Doppler PSD: Doppler PSD, which measures the power
distribution over the Doppler frequency axis, is the Fourier
transform of TACF Rqp (t, f ; ∆t) w.r.t. the time interval ∆t.
It can be calculated as

Sqp (t, f ; υ) =

∫
Rqp (t, f ; ∆t) e−j2πυ∆td∆t (27)

where υ is the Doppler frequency. Besides, the time-varying
Doppler frequency of the mth ray in the nth cluster from ATp
to ARq at t can be calculated [14] as

υqp,mn(t) =(
~vT(t)−~vAn(t)

)
·d̂Tp,mn(t)+

(
~vR(t)−~vZn(t)

)
·d̂Rq,mn(t)

c/fc
. (28)

4) RMS Doppler Spread: The motions of Tx, Rx, and
scatterers in the channel cause the channel dispersion in the
Doppler frequency domain, and the multipath propagation
causes channel dispersions in the time and angular domains.
RMS Doppler spread, RMS delay spread, and RMS angular
spread are often used to measure these dispersions. RMS
Doppler spread can be calculated as the square root of the
second-order central moment of Doppler PSD, as

συ,qp (t, f) =

√√√√√√√
∞∫
0

(υ − uυ,qp (t, f))2Sqp (t, f ; υ) dυ

∞∫
0

Sqp (t, f ; υ) dυ

(29)

where uυ,qp (t, f) is the average Doppler shift and is also the
first-order moment of the Doppler PSD. Since the value of
coherence time is the reciprocal of the value of the RMS
Doppler spread [28], we only use one of them as an example
to analyze the impact of coherence time and RMS Doppler
spread. Similarly, the coherence distance and RMS angular
spread are a pair, so are the coherence bandwidth and RMS
delay spread. Consequently, we only analyze the impact of
RMS Doppler spread, RMS Delay spread, and RMS angular
spread in Section III.
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D. FCF, Coherence Bandwidth, Delay PSD, and RMS Delay
Spread

1) FCF: FCF measures the frequency correlation of the
channel. We can reduce the STF non-stationary CF to FCF
Rqp (t, f ; ∆f) by setting ∆rT = 0, ∆rR = 0, and ∆t = 0 in
(11) as

Rqp (t, f ; ∆f) = E
[
Hqp (t, f)H∗

qp (f + ∆f)
]

=
K (t)

K (t) + 1
RLqp (t, f ; ∆f) +

1

K (t) + 1
RNqp (t, f ; ∆f)

=
K (t)

K (t)+1
e
−j2π∆f dqp(t)

λfc +
1

K (t)+1
Psurv (∆f)

E

Nqp(t)∑
n=1

Mn(t)∑
m=1

√
Pqp,mn(t, f)

√
Pqp,mn(t, f+∆f)e

−j2π∆f
dqp,mn (t)

λfc

 .
(30)

2) Coherence Bandwidth: The coherence bandwidth is the
minimum frequency intervals that fulfills the condition that the
FCF of a channel equals to the threshold cthresh B ∈ [0, 1]. It
can be written as

Bqp(t, f) = min
{

∆f > 0 : Rqp (t, f ; ∆f) = cthresh B
}
.
(31)

3) Delay PSD: Delay PSD gives the channel PSD as a
function of the time delay τ . Also, it is the inverse Fourier
transform of FCF Rqp (t, f ; ∆f) w.r.t. ∆f . It can be obtained
as

Sqp (t, f ; τ) =

∫
Rqp (t, f ; ∆f) ej2πτ∆fd∆f. (32)

This can be calculated as

Sqp (t, f ; τ) =

Nqp(t)∑
n=1

Mn(t)∑
m=1

Pqp,mn(t, f)δ (τ − τqp,mn(t)) .

(33)

Note that the two expressions of delay PSD can be derived
from each other. Here, Pqp,mn(t, f) is affected by the STF
evolution of the clusters in space, time, and frequency do-
mains, and will further affect the delay PSD.

4) RMS Delay Spread: Similar to the RMS Doppler spread,
the RMS delay spread is defined as the square root of the
second-order central moment of the delay PSD. It can be
calculated as

στ,qp (t, f) =

√√√√√√√
∞∫
0

(τ − uτ,qp (t, f))2Sqp (t, f ; τ) dτ

∞∫
0

Sqp (t, f ; τ) dτ

(34)

where uτ,qp (t, f) is the average delay and is also the first-
order moment of the delay PSD.

E. Stationary Distance/Time/Bandwidth

The stationary time is the maximum time duration during
which the channel can be seen as a WSS channel in the time
domain. We can use several methods to calculate the stationary
time, such as correlation matrix distance (CMD) [29], local
region of stationarity (LRS) [30], and spectral divergence (SD)
[31]. Here, we use the LRS method and consider stationary

time as the longest time interval during which the correlation
coefficient of two delay PSDs exceeds a specified threshold.
The correlation coefficient of two delay PSDs can be obtained
as

RΛ,qp (t, f ; ∆t)

=

∫
Sqp (t, f ; τ)Sqp (t+ ∆t, f ; τ) dτ

max
{∫

Sqp(t, f ; τ)
2
dτ,
∫
Sqp(t+ ∆t, f ; τ)

2
dτ
} . (35)

Therefore, the stationary time can be calculated as

It,qp (t, f) = max {∆t|RΛ,qp (t, f ; ∆t) ≥ cthresh IT} . (36)

Here, cthresh IT is usually set as 0.8 [32].
The definition of stationary time in time domain can be

extended to the space and frequency domains. For example,
[34] proposed the correlation coefficient of two channels in
STF domains, which is defined as the normalized ACF of the
delay PSDs of two channels, given by

RΛqp,q̃p̃

(
t, f ; ∆rT ,∆rR,∆t,∆f

)
=∫

Sqp (t, f ; τ)Sq̃p̃ (t+ ∆t, f + ∆f ; τ) dτ

max
{∫

Sqp(t, f ; τ)
2
dτ,
∫
Sq̃p̃(t+ ∆t, f + ∆f ; τ)

2
dτ
} .
(37)

In the time domain, substituting p̃ = p, q̃ = q, namely ∆rT =
0, ∆rR = 0, and ∆f = 0 into (37), and then the stationary
time can be obtained. It is consistent with (36).

In the space domain, substituting ∆t = 0, ∆f = 0, and
∆rR = 0 into (37), we can get the Tx-side correlation
coefficient as

RΛqp,p̃

(
t, f ; ∆rT

)
=

∫
Sqp (t, f ; τ)Sqp̃ (t, f ; τ) dτ

max
{∫

Sqp(t, f ; τ)
2
dτ,
∫
Sqp̃(t, f ; τ)

2
dτ
} . (38)

Then the Tx-side stationary distance can be written as

ITs,qp,p̃ (t, f) = max
{

∆rT
∣∣RΛqp,p̃

(
t, f ; ∆rT

)
≥ cthresh IST

}
.

(39)
Similarly, we can get the Rx-side stationary distance
IRs,qp,q̃ (t, f). Also, substituting ∆t = 0, ∆rT = 0, and
∆rR = 0 into (37), the correlation coefficient in the frequency
domain can be calculated as

RΛ,qp (t, f ; ∆f)

=

∫
Sqp (t, f ; τ)Sqp (t, f + ∆f ; τ) dτ

max
{∫

Sqp(t, f ; τ)
2
dτ,
∫
Sqp(t, f + ∆f ; τ)

2
dτ
} . (40)

Then, we can obtain the stationary bandwidth as

If,qp (t, f) = max {∆f |RΛ,qp (t, f ; ∆f) ≥ cthresh IF} . (41)

F. LCRs and AFDs in STF Domains

Based on the CTF in (8), the amplitude PDFs and phase
PDFs of the received complex envelope in space, time, and
frequency domains can be obtained. In this subsection, for a
better understanding, we assume that the t and f in (8) are
constants when we discuss the space-domain amplitude PDF,
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phase PDF, LCR, and AFD. We assume p, q, and f in (8) are
constants when we analyze these statistical properties in the
time domain. Also, we assume p, q, and t in (8) are constants
when we deal with frequency-domain statistical properties.
Therefore, the signal amplitude and phase are ξ(t) and θ(t),
and the amplitude PDF and phase PDF will accordingly be
pξ(ξt, t) and pθ(θt, t) in the time domain. Then, we can get
the time-domain LCR and AFD according to the amplitude
PDF and joint PDF of the amplitude and the amplitude slope.

The temporal LCR [33] describes the time-variance of a
fading channel by determining the rate of change of the
signal amplitude in time. It is defined as the average number
of crossings per second at which a fading signal amplitude
passing through a certain signal level Lt in the positive (or
negative) direction. Mathematically, it is given as

Nξ(Lt, t) =

∞∫
0

ξ̇pξξ̇(Lt, ξ̇)dξ̇ (42)

where ξ̇ = dξ/dt is the derivative of time (amplitude slope)
and pξξ̇(Lt, ξ̇) is the joint PDF pξξ̇(ξ, ξ̇) of ξ and ξ̇ that the
signal crosses the level Lt. Using results in [35], Nξ(Lt, t)
can be derived as

Nξ(Lt, t)=
2Lt
√
K(t)+1

π3/2

√
b2(t)

b0
−b

2
1(t)

b20
e−K(t)−(K(t)+1)L2

t

·
π/2∫
0

cosh(2
√
K(t)(K(t) + 1)Lt cos θ)

· [e−(χ(t) sin θ)2

+
√
πχ(t) sin θerf(χ(t) sin θ)]dθ (43)

where cosh(·) is the hyperbolic cosine function and erf(·) is the
error function. Here, χ(t) and bl(t) (l = 0, 1, 2) are obtained
as

χ(t) =

√
K(t) · b21(t)

b0 · b2(t)− b21(t)
(44)

and

bl(t) =
dlRN (t; ∆t)

jld∆tl
, l = 0, 1, 2. (45)

Here, we assume that the p, q, and f are constants in the
calculation. Hence the TACF for the NLoS components is
RN (t; ∆t).

Although the LCR is usually calculated in the time domain,
it can be extended to the frequency and space domain-
s [36], [37]. The frequency LCR Nξ(Lf , f), Tx-side spatial
LCR Nξ,q(Ls, r

T ), and Rx-side spatial LCR Nξ,p(Ls, r
R)

refer to the average times the signal crosses a given threshold
in the positive or negative direction per frequency or distance
unit. Here, rT (rR) is the space-domain variable observed at
the Tx (Rx) side. Nξ(Lf , f), Nξ,q(Ls, rT ), and Nξ,p(Ls, r

R)
can be obtained by replacing RN (t; ∆t) with RN (f ; ∆f),
RNqp,p̃(∆r

T ), and RNqp,q̃(∆r
R) in (45).

The temporal AFD is defined as the average time the signal
amplitude is below a certain threshold value Lt. Mathemati-

cally, it is

Tξ(Lt, t) =

Lt∫
0

pξ(ξt, t)dξ

Nξ(Lt, t)
(46)

where pξ(ξt, t) is the PDF of the signal amplitude.
Also, frequency AFD (average fading bandwidth) Tξ(Lf , f)

and spatial AFDs (average fading distances) at the Tx and
Rx sides Tξ,q(Ls, r

T ) and Tξ,p(Ls, r
R) can be defined as

the average bandwidth and the average distances at both Tx
and Rx sides signal remains below the threshold value. In
summary, temporal LCR and AFD (frequency LCR and AFD,
spatial LCR and AFD) can characterize the time-variance
(frequency-variance, space-variance) of a fading channel.

III. RESULTS AND DISCUSSIONS

In this section, analytical results, simulation results, and the
corresponding measurement results for the channel statistical
properties will be discussed and compared. The analytical
results were obtained through the plot of the theoretical
derivation results of the statistical properties in Section III,
while the simulation results were obtained by simulating
the corresponding statistical properties of the channel model
based on the CIR or the Fourier transform of the CIR. Good
consistency of the analytical result and the simulation result
can illustrate the correctness of both mathematical derivations
of the model and simulation. Then, the analytical/simulation
results fit measurement data well, showing the validity of the
proposed channel model in terms of the corresponding channel
statistical property.

The 6GPCM provides different parameter sets for different
frequency bands and scenarios. Those parameters can be
adjusted based on measurement data when there is channel
measurement. Firstly, user defined parameters, such as carrier
frequency, antenna related parameters, positions of the Tx/Rx,
and velocities of the Tx/Rx/clusters are set on the basis
of real measurements. In the simulation, the uniform linear
arrays (ULAs) are employed at both the Tx and Rx sides.
Then, parameters that have no/neglected effect on the observed
statistical property according to theoretical derivation results
in Section III are set to constants. After most parameters are
determined, some parameters such as scatterers distribution
related parameters are optimized using the minimum mean
square error (MMSE) criterion when suitable channel mea-
surement data are used. Otherwise, parameters are chosen to
be the same as those of 6GPCM in [14].

Fig. 4 (a) and Fig. 4 (b) show the SCCFs of the channels at
different carrier frequencies with fixed and half-wavelength an-
tenna spacing at the Tx side, respectively. Among them, we set
the antenna spacing as half wavelength of the minimum carrier
frequency for the fixed antenna spacing, and half wavelength
of carrier frequencies for the relative antenna spacing. Also,
analytical results, simulation results, and the measurement
results are compared. Firstly, good consistencies between
analytical/simulation results with measurement results in Fig. 4
(a) and Fig. 4 (b) verify the correctness of the 6GPCM.
Here, the measurement was conducted in a static court yard
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Fig. 4. SCCFs at different carrier frequencies with fixed antenna spacing
and half-wavelength antenna spacing at the Tx side (MT = 128,MR =
1, vT = vR = 0 m/s, βTA = π/6, βRA = βTE = βRE = π/10, Zn ∼
N(0, 3),mean(dTmn ) = 60 m, min(dTmn ) = 10 m, σTx = σRx = 7 m, σTy =

σRy = 12 m, σTz = σRz = 9 m).

scenario at 2.6 GHz with 128-elements Tx antenna array [38],
i.e., fc = 2.6 GHz, MT = 128, and vT = vR = 0 m/s.
Also, we set Rx-side channel model parameters which have
no/negligible effect on Tx-side SCCF to constants, i.e., MR =
1, βRA = βRE = π/10, σRx = 7 m, σRy = 12 m, σRz = 9 m and
so on. Then we adjust parameters related to cluster distribution
at the Tx side, i.e., mean(dTmn ), min(dTmn ), σTx , σTy , and σTz .
Finally, after optimal parameters searching using the MMSE
criterion, we set mean(dTmn ) = 60 m, min(dTmn ) = 10 m,
σTx = 7 m, σTy = 12 m, σTz = 9 m, which are reasonable in
the court yard scenario. After fitting with measurement data,
we simulated the effects of different carrier frequencies (2.6
GHz at sub-6 GHz band, 26 GHz at the mmWave band, and
300 GHz at the THz band) on SCCF. As shown in Fig. 4 (a),
the SCCF of the channel decreases with the increase of carrier
frequency. In addition, the SCCF of the channel increases with
the increase of carrier frequency in Fig. 4 (b), as the increased
frequency reduces the spacing between antennas, resulting
in the increase of the SCCF. Note that, when analyzing the
influence of carrier frequency on the SCCF in Table II later,
we use the half-wavelength antenna spacing.
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Fig. 5. Coherence distances with different distances from Tx to scatterers
(MT = 128,MR = 1, vT = vR = 0 m/s, βTA = π/2, βRA = π/4, βTE =
βRE = π/10, Zn ∼ N(0, 3), σTx = σRx = 30 m, σTy = σRy = 50 m, σTz =
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Fig. 6. Angular PSDs of different antenna elements at the Tx side (MT =
256,MR = 1, vT = vR = 0 m/s, βTA = βRA = π/4, βTE = βRE =
π/10, Zn ∼ N(0, 3), σTx = σRx = 3 m, σTy = σRy = 5 m, σTz = σRz =
4 m).

Coherence distances with different distances from Tx to
scatterers are as shown in Fig. 5. Here, we use analytical
results, which can be calculated according to (18). Since we
can obtain the coherence distance based on SCCF, we utilize
the similar parameter values as SCCFs in Fig. 4 except for
otherwise specified. Note that the coherence distances are
normalized w.r.t. antenna spacing. The larger the distance
between the scatterers in a cluster and the antenna array, the
larger the coherence distance will be, which is consistent with
(16). In ultra-massive MIMO scenarios, due to the spherical
wavefront property, the angular PSDs of different antenna
elements are different, as illustrated in Fig. 6, reflecting non-
stationarity in the space domain.

The TACF characterizes the time-varying property of a
channel, which is determined by the moving speeds of Tx, Rx,
and scatterers in the channel according to (22) and (25). Note
that the velocity includes both magnitude and direction of the
velocity. The TACFs with different speeds of Rx in the channel
is shown in Fig. 7 (a). The measurement [17] was conducted
by our group at outdoor UMa scenario in NLoS condition.
According to the channel measurement configuration, we set
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Fig. 7. TACFs and Doppler PSDs with different moving speeds of the Rx (fc = 5.3 GHz,MT = MR = 1, vT = 0 m/s, βTA = βRA = π/4, βTE = βRE =
π/10, αRA = π/8, αRE = 0, λG = 20 /m, λR = 1 /m, DSc = 40 m, Zn ∼ N(0, 3), σTx = σRx = 3 m, σTy = σRy = 5 m, σTz = σRz = 4 m).

fc = 5.3 GHz, βTA = βRA = π/4, βTE = βRE = π/10,
vT = 0 m/s, vR = 2.5 m/s, αRA = π/8, and αRE = 0.
Here, TACF is a time-domain channel statistical property, so
we use the same antenna element pair at the Tx and Rx
sides, i.e., MT = MR = 1. Some parameters were chosen
by fitting channel measurement data such as λG, λR, σTx , σRx ,
σTy , σRy , σTz , and σRz . The rest parameters were the same as
Table IV in [14]. In terms of different speeds, we use 2.5
m/s to simulate pedestrian speed, 10 m/s to simulate driving
speed in urban area, 20 m/s to simulate driving speed on
highway, and 100 m/s to simulate high-speed train speed.
The result shows that the theoretical result, simulation result,
and measurement result match very well when the speed
of Rx is 2.5 m/s, illustrating the correctness of the model.
Also, with the increase of speed, TACF decreases, which is
consistent with the theoretical derivation. Moreover, the birth-
death process of clusters and the power components in (22)
show that TACF is also affected by environmental factors.
What’s more, we can get the coherence time according to (26)
directly. The smaller the TACF, the smaller the corresponding
coherence time will be, under the same conditions.

The Doppler PSD characterizes the average power distri-
bution at the Doppler frequency and the Doppler frequency
shift of the carrier frequency is caused by the movements of
Tx, Rx, and scatterers, as indicated by (28). We also use the
same parameters as TACFs in Fig. 7 (a) since we can get
Doppler PSD by the Fourier transform of TACF. Fig. 7 (b)
shows the Doppler PSDs with different moving speeds of the
Rx. We can conclude that the larger the Doppler frequency
shift is, the larger the Doppler frequency range of the average
power distribution and the smoother the change of Doppler
PSD will be. Doppler spread describes the dispersion degree
of the Doppler PSD. The greater the Doppler frequency shift
caused by motion, the greater the Doppler spread will be. Due
to the page limitation, we will not show the simulation results
of the coherence time and the RMS Doppler spread here, but
from (26) and (29), we know that when TACF decreases, the
coherence time will decrease, and the corresponding RMS
Doppler spread will increase, as shown in Table II.
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Fig. 8. FCFs at different carrier frequencies (MT =MR = 1, vT = vR =
0 m/s, βTA = βRA = π/4, βTE = βRE = π/10, αRA = π/8, αRE = 0, DSc =
40 m, Zn ∼ N(0, 3), σTx = σRx = 3 m, σTy = σRy = 5 m, σTz = σRz =
4 m).

Fig. 8 shows the FCFs and the values of them are different at
different carrier frequencies. The FCF measures the frequency
correlation of the channel. It can be seen from (30) that FCF of
a channel is mainly affected by the value of ~dqp,mn (t), namely
the instantaneous total distance between the Tx, scatterers,
and the Rx. Therefore, the distance between the Tx and the
Rx, the range of cluster distribution, and the distribution of
scatterers within clusters can significantly affect the value of
FCF. Furthermore, in the large bandwidth scenarios, channels
are non-stationary in the frequency domain [34], that is, the
value of FCF is related not only to the frequency interval, but
also to the carrier frequency value.

Fig. 9 (a) and Fig. 9 (b) are RMS delay spreads with dif-
ferent clutter densities and different scatterer densities within
a cluster in the IIoT scenario. The channel measurements [39]
were carried out at 5.85 GHz at light clutter and dense clutter
two sub scenarios in the NLoS condition. In the simulation, we
set the initial number of clusters Nc(t0) to 15 and 20 in sparse
and dense clutter environments [19], respectively. Also, most
parameters were randomly generated according to the 3GPP
TR 38.901 channel model [25] for industrial factory scenario.
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Fig. 9. RMS delay spreads with different clutter densities and with different scatterer densities within a cluster in the IIoT scenario (fc = 5.85 GHz,
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Fig. 10. RMS delay spreads at different frequency bands (MT = MR =
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π/8, αRE = 0, Zn ∼ N(0, 3), σTx = σRx = 0.3 m, σTy = σRy = 1 m, σTz =

σRz = 1.5 m).

Then, we fine-tuned the parameters about distributions of
scatterers based on channel measurement result, such as σTx ,
σTy , and σTz at the Tx side and σRx , σRy , and σRz at the Rx side.
Since the parameters can significantly affect the RMS delay
spread according to theoretical derivation results in Section III.
Fig. 9 (a) shows that the channel in dense clutter environment
has a larger RMS delay spread. Fig. 9 (b) shows the influence
of the dispersion degree of the scatterers in the cluster under
the same number of scatterers. The more discrete the scatterer
distribution or the more dispersed the value of delay is, the
greater the RMS delay spread will be. In (34), we know
that RMS delay spread measures the dispersion degree of
power in time delay, i.e., τqp,mn(t), whereas the distribution
of τqp,mn(t) is directly affected by multipath. Thus, the sparse
clutter and dense clutter environments in IIoT scenarios at the
same frequency are used as examples to illustrate the impact
of obstacle density in the environment on RMS delay spread.

In addition, Fig. 10 shows different RMS delay spreads at
different frequency bands, i.e., 5.3 GH, 58 GHz, and 300 GHz.

Here, the measurement data were obtained in a laboratory
room using 58 GHz carrier frequency [40]. We can see that
the measurement result and simulation result fit well, which
shows the accuracy of the model. Also, the simulation results
show that, with the increase of frequency band, the value of
RMS delay spread decreases.

Fig. 11 compares the analytical results with the measure-
ment result for the LCRs in STF domains. The measurement
data shown in Fig. 11 (b) was obtained in [41], which was
conducted in the HST scenario at 930.2 MHz and the speed of
the HST is about 300 km/h. The match between the analytical
result and the measurement result verifies the correctness of
the 6GPCM. Also, Fig. 11 (a) is the LCR in the space domain.
We can see that, the elevation angle of the antenna array at the
Tx side affects the Tx-side spatial LCR. Here, we increase this
elevation angle to make the angle between the antenna array
and the departure wave larger, which will increase the LCR.
Moreover, Fig. 11 (b) shows the LCR in the time domain at a
HST scenario. As the speed decreases, the LCR decreases. The
results are consistent with the theoretical derivation results in
(42). In addition, LCR in the frequency domain in Fig. 11 (c)
shows that as the dispersion of clusters increase, the frequency
LCR increases.

In summary, relationships between statistical properties and
the channel parameters are given in Table II. In the table, DS
means the delay spread, ASD means the azimuth spread of
departure, ESD means the elevation spread of departure, “↑”
means increase, “↓” means decrease, and “–” means no impact
or negligible impact. Note that Table II only considers the Tx
side. The Rx side is similar and is not discussed here.

In addition, channel parameters are seriously affected by the
environment, i.e., parameters extracted from channel measure-
ment. For example, authors in [42] conducted measurements
in five different factory halls and found that the material of
the wall and the density and the positions of objects in the
factory halls have a great influence on the number of multipath
components in the channel at IIoT scenarios. In [43], the au-
thors carried out the channel measurements in wooded, rural,
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Fig. 11. LCRs in space, time, and frequency domains (fc = 2.5 GHz,MT =
1,MR = 1, vT = vR = 0 m/s, βTA = π/4, βRA = βTE = βRE =
π/10, Zn ∼ N(0, 3), σTx = σRx = 3 m, σTy = σRy = 5 m, σTz = σRz =

4 m. Especially, fc = 930.2 MHz,K = 5.514, vZn ∼ U(0, 5) m/s in (b)).

suburban, and urban, four different environments mimicking
satellite scenarios and draw the conclusion that the RMS
delay spread values for suburb and urban environments are
larger than those for wooded and rural environments. Also,
channel parameters are affected by different frequency bands.
For instance, channels at the THz band normally have a larger
number of multipath components than channels at sub-6 GHz
and mmWave frequency bands, since the wavelength of the
THz wave is at the same order as the roughness of objects in
the environment, so that there is a larger proportion of diffuse
rays at THz frequency band [34]. Further, channel parameters
will affect channel statistical properties and communication
system performance as mentioned above.

IV. CONCLUSIONS

In this paper, we have conducted a complete study of
STF statistical properties of the 6GPCM, which characterized
wireless channels for all spectra from the sub-6 GHz to
VLC bands and all scenarios such as (ultra-)massive MI-
MO, HST, IIoT, and UAV scenarios in 6G wireless com-
munication systems. Also, mathematical expressions have
been derived for those statistical properties, i.e., STFCF,
SCCF, TACF, FCF, angular/Doppler/delay PSDs, RMS angu-
lar/Doppler/delay spreads, coherence distance/time/bandwidth,
stationary distance/time/bandwidth, and LCRs/AFDs in STF
domains. Then, we have classified them according to their
relationships. Also, we have explored and summarized the
mapping between channel model parameters and these sta-
tistical properties at different frequency bands and scenarios
through theoretical derivations and simulations. It has been
shown that the space/angle-domain statistical properties and
the frequency/delay-domain statistical properties are more
affected by the carrier frequency, orientation of the antenna
array, and propagation scenario. The moving speeds of Tx,
Rx, and scatterers in the channel have a significant impact on
channel statistical properties in the time/Doppler frequency
domain. The work lays a solid foundation for 6G channel
model standardization and system design.
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