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Abstract—In this paper, a multi-frequency multi-link three-
dimensional (3D) non-stationary wideband multiple-input
multiple-output (MIMO) channel model is proposed. The spa-
tial consistency and multi-frequency correlation are considered
in parameters initialization of every single-link and different
frequencies, including large scale parameters (LSPs) and small
scale parameters (SSPs). Moreover, SSPs are time-variant and
updated when scatterers and the receiver (Rx) are moving. The
temporal evolution of clusters is modeled by birth and death
processes. The single-link channel model which has considered
the inter-correlation can be easily extended to multi-link channel
model. Statistical properties, including spatial cross-correlation
function (CCF), power delay profile (PDP), and correlation
matrix collinearity (CMC) are investigated and compared with
the 3rd generation partner project (3GPP) TR 38.901 and
quasi deterministic radio channel generator (QuaDRiGa) channel
models. Besides, the CCF is validated against measurement data.

Index Terms—multi-frequency, multi-link, spatial consistency,
non-stationarity, time-varying parameters

I. INTRODUCTION

With the rapid development of wireless communication
technology, spectrum resources are increasingly scarce [1] and
user groups have higher requirements for the throughput and
rate of communication system. An accurate channel model
will be helpful to system evaluation. There exist phenomena
that one application uses several frequency bands, i.e., WiFi
working at 2.4 GHz and 5 GHz. Hence, frequency correlation
needs to be explored and utilized. The frequency dependency
of the delay spread was studied in [2]. 3GPP TR38.901 (3GPP
is used in the following text) [3] and QuaDRiGa [4] channel
models proposed a multi-frequency correlation channel model
which considers the frequency correlation.

In terms of non-stationarity, many measurements have
shown that the stationary interval is actually shorter than
the simulation time in high mobility scenarios [5] . Chan-
nel models based on wide-sense assumption may ignore
the characteristics of fast fading channel, such as the non-
stationarity [6]. Reference [7] demonstrated the necessity
of establishing time-variant parameters in vehicle-to-vehicle
scenarios to capture the channel non-stationarity. Reference
[8] drew the same conclusion in high-speed train scenarios.
Besides, long time evolution needs to take the birth and death

of clusters into account. However, 3GPP does not consider
the movement of scatterers and only Doppler frequency is
a time-variant parameter. Although there is a birth-death
process in QuaDRiGa channel model, the cluster positions
keep fixed during a simulation segment. The Markov-process-
based method of cluster birth and death [6], [9], [10] will lead
to more realistic behaviors.

Multi-link communications are important concepts to im-
prove the realistic performance of communication systems
[13]. However, most commonly used channel models such as
WINNER [11] and ITU [12] channel models are drop-based,
meaning that the scattering environment is randomly created
for each link, contrast to the reality that mobile terminals
close to each other will have similar parameters. Besides,
when considering the movement of user ternimals or scatterers,
parameters should be time-variant and experience smooth tran-
sition. Reference [13] characterized large-scale parameters in
multi-link systems. Joint channel characteristics were modeled
in a multi-link high-speed railway scenario [14]. Both 3GPP
and QuaDRiGa channel models have considered the spatial
consistency. In fact, the single-link channel models can easily
be extended to multi-link channel models after considering
the spatial correlation when initializing parameters. Therefore,
it’s of vital importance to include the spatial consistency into
channel model.

In this paper, we proposed a multi-frequency multi-link
3D non-stationary wideband MIMO channel model, which
compensates for the deficiency of 3GPP and QuaDRiGa
channel models in terms of multi-frequency, multi-link and
time-variant channel modelling. Detailedly we introduced the
movement of the scatterers into QuaDRiGa channel model
and consider the frequency correlation and spatial consistency,
simultaneously.

The remainder of this paper is organized as follows. In
Section II, the proposed model is described in detail, which
includes channel coefficient, initialization, drifting of parame-
ters, and cluster evolution. Statistical properties such as spatial
CCF, PDP, and CMC, are studied in Section III. In Section IV,
simulation results of the proposed model and the other two
standardized models are compared and analyzed. Conclusions
are finally drawn in Section V.



TABLE I
DEFINITION OF KEY CHANNEL MODEL PARAMETERS

Symbol Definition
CZ

l , C
A
l The first- and last-bounce clusters of l-th path, respectively

⇀
v
Z

l (t),
⇀
v
A

l (t),
⇀
vMS(t) The velocities of the l-th first-bounce, last-bounce cluster, and Rx, respectively

φRl (t), φTl (t) Azimuth angles of the l-th cluster at the Rx and Tx sides, respectively
φRl,m(t), φTl,m(t) Azimuth angles of the m-th ray of the l-th cluster at the Rx and Tx sides, respectively
φRL(t), φTL(t) Azimuth angles of the LOS component at the Rx and Tx sides, respectively
θRl (t), θTl (t) Elevation angles of the l-th cluster at the Rx and Tx sides, respectively

θRl,m(t), θTl,m(t) Elevation angles of the m-th ray of the l-th cluster at the Rx and Tx sides, respectively
θRL (t), θTL (t) Elevation angles of the LOS component at the Rx and Tx sides, respectively
DR

l (t)
(
DT

l (t)
)

Distance from the Rx (Tx) to CA
l (CZ

l )

DR
l,m(t0)

(
DT

l,m(t0)
)

Distance between the Rx (Tx) and m-th ray within l-th cluster
DL(t) Distance between the Rx and the Tx

II. DESCRIPTION OF THE CHANNEL MODEL
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Fig. 1. Non-stationary single-link indoor channel model.

The proposed MIMO channel model is illustrated in Fig. 1,
with the transimitter (Tx) equipped with MT antennas and the
Rx equipped with MR antennas. The antenna positions are
given in local coordinate system. Considering a multi-bounce
scattering propagation, only the l-th (l = 1, 2, ..., N(t)) path is
illustrated for clarity. N(t) is the total number of paths in the
link between the s-th (s = 1, 2, ...,MT ) transmitting antenna
and the u-th (u = 1, 2, ...,MR) receiving antenna at time t.
CZl and CAl denote the first-bounce cluster at Tx side and the
last-bounce cluster at Rx side of l-th path, respectively. The
propagation between CZl and CAl is abstracted by a virtual
link [11], where signal will experience diffraction, reflection,
and scattering, resulting in certain propagation delay. In the
model, the Tx keeps static and the movement of the Rx as
well as scatterers are described as different trajectories, i.e.,
linear track and circular track in global coordinate system.
The velocities of CZl , CAl , and the Rx are denoted by

⇀

v
Z

l (t),
⇀

v
A

l (t), and
⇀

vMS(t) respectively, which can be calculated
from the adjacent snapshots of their trajectories. Some other
important parameters in the channel model are given in Table I.

Considering small scale fading, path loss, and shadowing
fading, the complete channel matrix of single-link is given by

H = [PL · SF ]
1/2
Hs (1)

where PL stands for the path loss and SF stands for
the shadowing fading. Besides, the complex matrix Hs =
[hu,s,f (t, τ)]MR×MT

denotes small scale fading.

A. Channel Impulse Response (CIR)
The component hu,s,f (t, τ) which denotes the CIR between

the u-th receiving antenna and the s-th transmitting antenna at
the f -th (f = 1, 2, ..., F ) center frequency is the superposition
of the line-of-sight (LOS) component and non-line-of-sight
(NLOS) components and can be expressed as

hu,s,f (t, τ) = hNL
u,s,f (t, τ) + hL

u,s,f (t, τ). (2)

The LOS component and NLOS components are shown
at the top of the next page, where (·)∗ means the transpose
operation of a vector, K(t) is the time-variant K-factor. For
the LOS component (3), Fu,f,θ(Fs,f,θ) and Fu,f,φ(Fs,f,φ) are
the radiation patterns of antenna element u(s) at the f -th fre-
quency for vertical and horizontal polarizations, respectively.
Besides, the phase caused by propagation distance can be
represented by

ψu,s,L(t) =
2π

λ
· (du,s,L(t)) (5)

which contains the Doppler effect, where

du,s,L(t) = r̂∗rx,L(t) ·
⇀

drx,u + r̂∗tx,L(t) ·
⇀

dtx,s + d1,1,L(t) (6)

where d1,1,L(t) is the distance between the first transmitting
antenna and receiving antenna. The spatially correlated ran-
dom initial phase of LOS path is denoted by ψ0

L. Moreover,
the delay of LOS path is given by

τL(t) = DL(t)/c (7)

where c represents the speed of light. For the NLOS com-
ponnets (4), r̂rx,l,m(t) and r̂tx,l,m(t) are the spherical unit
vectors with arrival angles and departure angles, respectively.
ψ0
l,m is the spatially correlated random initial phase of each

ray. κl,m(t) is the cross-polarization ratio (XPR).
Similarly, the phase caused by the distance between the s-

th transmitting antenna and the u-th receiving antenna via the
m-th ray within the l-th cluster can be calculated by

ψu,s,l,m(t) =
2π

λ
(du,s,l,m(t)) (8)

which also includes the Doppler effect, where

du,s,l,m(t) = r̂∗rx,l,m.
⇀

drx,u + r̂∗tx,l,m.
⇀

dtx,s + d1,1,l,m(t) (9)



HL
u,s,f (t, τ) =

√
K(t)

K(t) + 1

[
Fu,f,θ

(
θRL (t), φRL(t)

)
Fu,f,φ

(
θRL (t), φRL(t)

)]∗ [1 0
0 −1

] [
Fs,f,θ

(
θTL(t), φTL(t)

)
Fs,f,φ

(
θTL(t), φTL(t)

)] (3)

× exp
(
j(ψu,s,L(t) + ψ0

L)
)
δ(τ − τL(t))

HNL
u,s,f (t, τ) =

√
1

K(t) + 1

N(t)∑
l=1

M∑
m=1

√
Pl,f (t)

M

Fu,f,θ (θRl,m(t), φRl,m(t)
)

Fu,f,φ

(
θRl,m(t), φRl,m(t)

)∗  exp
(
jΦθθl,m

) √
1

κl,m(t) exp
(
jΦθφl,m

)
√

1
κl,m(t) exp

(
jΦφθl,m

)
exp

(
jΦφφl,m

) 
(4)

×

Fs,f,θ (θTl,m(t), φTl,m(t)
)

Fs,f,φ

(
θTl,m(t), φTl,m(t)

) exp
(
j(ψu,s,l,m(t) + ψ0

l,m)
)
δ(τ − τl(t))

where d1,1,l,m(t) is the distance traveling from the first trans-
mitting antenna via the m-th ray within the l-th cluster to the
first receiving antenna. It can be calculated by

d1,1,l,m(t) = DT
1,l,m(t) +DR

1,l,m(t) +DZA
l,m(t) (10)

where DT
1,l,m(t) and DR

1,l,m(t) are the distance of the first
antenna to the m-th ray at the Tx and Rx sides, respectively.
The DZA

l,m(t) is the distance calculated by the cluster positions.
According to the new method in [4], to ensure the given

cluster powers are the same to those calculated by channel
coefficients, the channel amplitude of all snapshots needs to be
scaled. Just to mention that the time interval between adjacent
snapshots is time ∆t in this paper. Let hNL

u,s,f,l,m,p denote the
CIR of the p-th snapshot, the m-th ray within the l-th cluster
at the f -th center frequency, the CIR of the p-th snapshot, the

l-th cluster is hNL
u,s,f,l,p =

M∑
m=1

hNL
u,s,f,l,m,p. The scaled channel

coefficient is given by

h̃NL
u,s,f,l,p =

√√√√√√√√Pl,f
M
·

P∑
p=1

M∑
m=1

∣∣∣hNL
u,s,f,l,m,p

∣∣∣2
P∑
p=1

∣∣∣hNL
u,s,f,l,p

∣∣∣2 · hNL
u,s,f,l,p. (11)

B. Correlated LSPs

Together, there are eight LSPs, including delay spread
(DS), K-factor, SF , elevation spread of departure (ESD),
elevation spread of arrival (ESA), azimuth spread of departure
(ASD), azimuth spread of arrival (ASA), and XPR. To ensure
the continuity of parameter variation, the sum of sinousoids
(SoS) method in [4] is adopted to generate the LSPs. The
distribution parameters of the LSPs are derived from [3].

After done with all LSPs, the large-scale fading of the
channel in the linear domain can be obtained by multiplying
the shadowing fading and path loss :

PL · SF =

√
100.1(PL[dB]+SF [dB]). (12)

For long time evolution where the traveling distance the
distance is beyond correlation distance, the channel modeling

needs to take into account the update of LSPs, which will have
an impact on the cluster power, and the update of the cluster
delay and angle is accomplished in the drifting process.

C. Multi-Frequency SSPs

It cannot be arbitrary to initialize the SSPs of the cluster,
since these parameters are correlated to some extent at two
positions nearby. Therefore, SoS method is also adopted
to initialize the cluster angles and delays satisfying spatial
consistency.

Firstly, according to the initial position vectors PT (t0) and
PR(t0), the spatially correlated uniform distributed azimuth
angles φ̃Tl , φ̃Rl , and elevation angles θ̃Tl , θ̃Rl can be obtained
by (13), and the initial delay is shown in (14).

θ̃/φ̃
(
PT (t0),PR(t0)

)
=
π

2
erfc

(
X̃

(θ/φ)d
l

(
PT (t0)

)
+ X̃

(θ/φ)a
l

(
PR(t0)

)
2

)
− π

2

(13)

τ̃l(t0) = − ln
{
Xτ
l

(
PT (t0),PR(t0)

)}
(14)

where X̃φd
l , X̃φa

l , X̃θd
l , and X̃θa

l are spatially dependent
random variables that follow a normal distribution with zero-
mean and unit variance. The erfc(·) is complementary error
function. Xτ

l is a spatially correlated uniformly distributed
random variable ranging from 0 to 1. The initial delay τ̃l
and angles φ̃Tl , φ̃Rl , θ̃Tl , θ̃Rl are assumed to be frequency-
independent. However, DS and angular spread (AS) are
generally frequency-dependent. Thus different cluster powers
can be achieved under different frequencies. The initial power
is calculated by

P̃l,f (t0) = exp

{
−τ̃l(t0) · gDSf −

(
φ̃Tl (t0)

)2

· gASDf

−
(
φ̃Rl (t0)

)2

· gASAf −
∣∣∣θ̃Tl (t0)

∣∣∣ · gESDf

−
∣∣∣θ̃Rl (t0)

∣∣∣ · gESAf

} (15)

Pl,f (t0) = P̃l,f (t0)/

N(t0)∑
l=1

P̃l,f (t0) (16)



where gDSf , gASDf , gASAf , gESDf , and gESAf are constant for
single frequency but exist frequency-dependency if there are
multiple frequencies. The calculation method is seen in [4].
In order to ensure the AS and DS calculated by the power
and angle is consistent with the value generated during LSP
initialization, the initial angles and delays needs to be scaled
and adjusted. The detailed information can be referred to [4].

Finally, we need to consider the effect of the LOS angle
that allow the construction of two rotation matrices in
Cartesian coordinates, one for the Tx and one for the Rx. The
final angles are derived from ĉl that is obtained by applying
rotation matrix.

φ
R/T
l (t0) = arctan2 {ĉ1,x, ĉ1,y}
θ
R/T
l (t0) = arctan2

{
ĉl,z,

√
ĉ2l,x + ĉ2l,y

} (17)

where arctan2 {·} is the multi-valued inverse tangent. Finally
apply the scenario-dependent cluster wise root mean square
(RMS) AS cσ(σ = ASA, ASD, ESA, ESD) and add offset
angles αm from Table 7.5-3 in [3] to the cluster angles

φ
R/T
l,m (t0) = φ

R/T
l (t0) +

π · cσ · αm
180o

. (18)

The delay and subpath angles are then used to determine the
initial positions of the first-bounce and the last-bounce clusters
according the method in [4].

D. Time Evolution

We introduced two characteristics to embody the non-
stationarity of the proposed channel model [6], namely the
constant update of channel parameters and the cluster birth-
death process. Therefore, there are two updating intervals in
the proposed model, i.e., the sampling interval for channel
coefficients ∆t and sampling interval for cluster birth-death
process ∆tBD which is identical to the update interval of
LSPs.

The existence of both moving Rx and moving clusters
can result in the time variance of a wireless channel. Hence
the variable q(t + ∆tBD) is introduced to measure how
fast the propagation environment changes during the time
interval ∆tBD and can be used as a measure of the channel
fluctuation, shown as q(t + ∆tBD) = qc(t + ∆tBD) +
qr(t + ∆tBD), where qr(t + ∆tBD) is the channel variance
in time, resulting from the movement of the Rx, defined
as qr(t + ∆tBD) = ‖~vMS‖∆tBD. Similarly, the chan-
nel flucation caused by the moving scatterers is defined as
qc(t + ∆tBD) = Pc

(∥∥~vA∥∥+
∥∥~vZ∥∥)∆tBD, where Pc is the

propability of cluster movements [9]. For simplicity, mean
cluster velocities, i.e., ~vA = E

[
~vAl
]
, ~vZ = E

[
~vZl
]

are used
to calculate the probabilities of clusters at t + tBD survived
from t.

Psurv(q(t+ ∆tBD)) = e
−λRq(t+∆tBD)

Dac (19)

where λR denotes the recombination rate of clusters. Da
c is

the scenario depedent correlation factor. The newly generated
clusters during the interval ∆tBD is represented as:

E[Nng(∆tBD)] =
λG
λR

(1− Psurv) (20)

where λG is the generation rate of clusters.

E. Drifting of SSPs

After the SSPs are initialized, their values are updated when
the Rx and clusters move along trajectories, ensuring the spa-
tial consistency for mobile terminals. Hence, the parameters
and channel coefficients are updated at so-called snapshot
positions. The distance vectors between the Tx and m-th ray
within CZl is calculated by

DT
l,m(t) = DT

l,m(t−∆t)+
⇀

v
Z

l (t)∆t. (21)

The azimuth and elevation departure angles can be deter-
mined by (22) and (23). The operations of the Rx side are
indentical.

φTl,m(t) = arctan2

{
DT
l,m(t) · ŷ,DT

l,m(t) · x̂
}

(22)

θTl,m(t)= arcsin
(
DT
l,m(t) · ẑ

)
(23)

Based on the updated distance, the delay at time t can be
achieved through (24). The cluster powers can be obtained by
substituting the updated cluster angles, delays, and LSPs into
formula (15) and (16). Note that the update interval is the
same to that of LSPs and cluster birth and death.

τl(t) = τ̃l,link(t) +

M∑
m=1

DT
l,m(t) +DR

l,m(t) +DZA
l,m(t)

c ·M
(24)

where τ̃l,link(t) is the virtual delay between CZl and CAl ,
which is modeled as non-negative random variable with expo-
nential distribution and generated by SoS method.

III. STATISTICAL PROPERTIES OF THE PROPOSED MODEL

A. Time-Variant PDP

The time-variant PDP Λ(t, τ) reveals the relationship be-
tween power and delay of multipaths, which is expressed as

Λ(t, τ) =

N(t)∑
l=1

Pl(t)δ (τ − τl(t)) . (25)

B. Time-Variant Transfer Function

Consider the single frequency and single-link of the model,
the time-variant transfer function is defined as the Fourier
transform of time-variant CIR hu,s(t, τ) with respect to time
delay τ and can be expressed as

Hu,s(t, f) =

∫ ∞
−∞

hu,s(t, τ)e−j2πfτdτ. (26)



C. Local Space-Time-Frequency (STF) Correlation Function

The local STF correlation function is defined as

Rus,l′s′ (t, f ; ∆t,∆f,∆du,∆ds)

= E
{
Hu,s(t+ ∆t, f + ∆f)H∗u′,s′(t, f)

}
.

(27)

Substituting transfer function into (27), the STF correlation
function can be exressed as the superposition of LOS and
NLOS components, given as (28).

Rus,u′s′ (t, f ; ∆t,∆f,∆du,∆ds)

=
√

K(t)
K(t)+1

K(t+∆t)
K(t+∆t)+1R

L
us,u′s′ (t, f ; ∆t,∆f,∆du,∆ds)

+
√

1
K(t)+1

1
K(t+∆t)+1

N(t)∑
l=1

RNL
us,u′s′,l (t, f ; ∆t,∆f,∆du,∆ds)

(28)
Let ∆f = 0, ∆du = 0 (u = u′), and ∆ds = 0 (s =

s′), temporal autocorrelation function (ACF) can be obtained.
What’s more, let ∆f = 0,∆t = 0, the STF can be simplified
to spatial CCF.

D. CMC

In the multi-link channel model, the correlation between
two links is described by CMC which calculated by (29). The
value of CMC ranges from 0 to 1. The closer the CMC is to
1, the higher the mutual correlation of the two links is [16].

CMC =

∣∣tr {R1R
H
2

}∣∣
‖R1‖F ‖R2‖F

(29)

where tr {·} is trace of a matrix, {·}H is the conjugate
transpose of a complex matrix, and ‖·‖F is the Frobenius norm.
Ri, i ∈ {1, 2} is the correlation matrix of link i, shown as

Ri =

NS∑
S=1

(Hi(S))
H
Hi(S) (30)

where Hi(S) is the channel transfer matrix of S-th realization
of i-th link at f -th frequency. Ns is the total number of channel
realizations.

IV. RESULTS AND ANALYSIS

Fig. 2 displays the trajectories of the Rx and clusters,
with arrows denoting the moving directions. The objects can
be either static or have linear and circular trajectories. The
cluster disappearance is shown in dashed line and appearance
is demonstrated in solid line. Flexible trajectory setting makes
the model more realistic and brings about different statistical
properties from the other two models.

A comparison is made between PDPs of 3GPP [3],
QuaDRiGa [4], and the proposed models, as is shown in Fig. 3.
Fast fading model in [3] does not consider the time-variety of
delay and power. Drifting process in [4] ensures that delays
and powers slowly drift in time due to the fixed positions of
clusters. Involving cluster movement and birth-death process,
the variation of delays and powers becomes more conspicuous.
In addition, the effect of virtual delays can be distinguished in
the serpentine traces of delays derived from moving clusters.

Fig. 4 provides the comparison of spatial CCFs of 3GPP [3],

->

->

>

>
The start of the trajectory

Fig. 2. The visualization of trajectories of the Rx and clusters.

(a) 3GPP (b) QuaDRiGa (c) the proposed model

Fig. 3. PDP of 3GPP, QuaDRiGa, and the proposed channel model (N =
20,

⇀
vMS(t) = 3 m/s, track length = 12 m, the simulation scenario is the

simulated scenario is indoor office LOS scenario in [3]).

QuaDRiGa [4], the proposed model, and the measurement data
in [18]. It can be found that the three models can accurately fit
with the descending part of measurement data. This is because
they are 3D models which consider not only azimuth angles
but also elevation angles. Since the proposed model neglects
the effect of spherical waves, there is a slight difference of
spatial CCFs between the proposed model and QuaDRiGa in
the simulated antenna size.

Fig. 5 compares the CDF of CMC of the proposed model
and that of 3GPP [3]. In the proposed model, the value of CMC
obviously decreases with the increase of the receiver distance,
which shows the correlation between links is decreasing.
However, the CMC value in [3] is not sensitive to the change
of receiver distance and smaller than the proposed model.
Beacause only the correlation of LSPs between links are
considered.

V. CONCLUSIONS

A novel 3D non-stationary multi-frequency multi-link wide-
band MIMO channel model has been proposed in this paper, in
which time evolution is featured by cluster birth-death process
and correlations between different frequency bands and links
are taken into account. The CCFs of 3GPP, QuaDRiGa, and
our model are compared with measurement data. It turns out
that the three models can fit the measurement data well, since
elevation angles are considered. In addition, our model exhibits
more flexibility in terms of describing time-variant channels
with moving cluster. Moreover, the link correlation has been
well modeled by using SoS method to generate LSPs and
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and measurement data in [18] (fc = 5.2 GHz, MT = 8, MR = 141,
µASD = 0.98, µESD = 1, cASD = cESD = 1, other parameters can be
referred to [3] indoor office NLOS scenario).
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Fig. 5. CDF of correlation matrix collinearity of 3GPP and the proposed
model at 2.4 GHz (dMS represents the distance between two Rxs, the
simulated scenario is indoor office NLOS scenario in [3]).

SSPs.
In the future, we will compare other important statistical

properties of the three models and futhur analyze multi-
frequency correlation of the proposed model. Besides, we
will carry out some channel measurements to validate the
investigated properties of the proposed model.
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