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Abstract—Spatial consistency is a basic physical characteristic
of the wireless channel because the neighboring spatial positions
share similar clusters, resulting in the spatial correlations of
both large-scale parameters (LSPs) and small-scale parameters
(SSPs). Although the existing geometry-based stochastic channel
model (GSCM)-based channel simulator try to realize the spatial
consistency of the channel parameters by the correlated map
method or the sum-of-sinusoids (SOS) method, such a stochastic
approach also results in that the change of cluster positions
calculated by the SSPs appears considerable even in closely neigh-
boring spatial positions, which violates the wide-sense stationary
(WSS) conditions over a short distance. To further improve the
cluster-level spatial consistency, we investigate the pattern of
change of the root mean square (RMS)-delay spread (DS) and
derive the continuity of RMS-DS in the entire space. Taking the
continuity of RMS-DS as the optimization goal, we determine
the change of clusters of the channel, i.e., cluster appearance
and disappearance, when the spatial position of mobile terminal
(MT) changes and propose the reference points (RPs) transition
method. Specifically, we firstly choose the RPs in the target area
according to the correlation distance, then generate the channels
of RPs by the SOS method stochastically, and finally obtain
the channel of MT through the transitions between the RPs
deterministically. Simulation results demonstrate that the channel
simulator with the proposed RPs transition method can achieve
the spatial consistency of LSPs, SSPs, and clusters in the entire
2D or 3D space.

Index Terms—Channel model, spatial consistency, wireless
channel simulator, cluster appearance and disappearance

I. INTRODUCTION
A proper channel model is significant for simulating the new

concepts in wireless communication networks, especially in
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the most advanced fifth generation (5G) communication. From
the perspective of the modeling approach, channel models can
be classified into deterministic classes and stochastic classes
[1], [2]. Relying on the precise information of site-specific
virtual propagation environments, deterministic channel mod-
els such as the ray tracer [3] predict the channels accurately
by solving the Maxwell equations or the approximate ones at
the expense of massive site-specific channel measurements and
high computational complexity. In contrast, stochastic channel
models utilize certain probability distributions determined by
the channel measurements to describe channel parameters so
that they can be applied to various scenarios and are mathe-
matically tractable with relatively low accuracy. Considering
the complexity and applicability, we focus our attention on the
stochastic channel models.

There are already many reliable geometry-based stochastic
channel models (GSCMs) for mobile wireless communication
systems, e.g., the Third Generation Partnership Project (3GPP)
channel models [4]–[6], the Wireless World Initiative for
New Radio (WINNER) channel model [7], the Mobile and
Wireless Communications Enablers for the Twenty-twenty
Information Society (METIS) channel model [8], the Mil-
limeterWave Based Mobile Radio Access Network for Fifth
Generation Integrated Communications (mmMAGIC) channel
model [9], the Quasi Deterministic Radio Channel Generator
(QuaDRiGa) [10], and the European Cooperation in Science
and Technology (COST) 2100 channel model [11], [12].
Spatial consistency is an inherent physical characteristic of
the wireless channel, which is caused by the similar scatter-
ing environment around the neighboring spatial positions. It
leads to spatial correlations of small-scale parameters (SSPs),
large-scale parameters (LSPs), and clusters between channels
in neighboring spatial positions [13]–[16].1 Therefore, the
extension of spatial consistency in the channel simulator is
important for the evaluation of space-related concepts.

The existing channel models have already made their effort
to model spatial consistency. The 3GPP spatial channel mod-
el (SCM) proposes a two-dimensional (2D) spatial channel
model for system-level simulations which implements intra-
site correlations between different LSPs, e.g., delay spread
(DS), angle spread (AS), and shadow fading (SF) [4]. In the
WINNER model [7], the LSPs at different positions are further

1In GSCMs, SSPs refer to the low-level channel parameters, such as the
number of clusters, cluster power, cluster angles, cluster delays, and so
on. LSPs represent the high-level parameters generally characterized by the
second moments of SSPs.
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correlated according to the distance between the positions
of mobile terminals (MTs). The correlations of LSPs are
modeled using the measured data from the known position-
s and usually have exponential decay over distance. Then
channel parameters are generated randomly and independently
from measured distribution functions for different MTs based
on a 2D modeling approach. The 3GPP three-dimensional
(3D) SCM [5] and the 3GPP new radio (NR) channel model
[6] provide additional flexibility for the elevation dimension,
thereby allowing a 3D modeling approach. Similar to the
WINNER model, the 3GPP 3D SCM and the 3GPP NR
channel model implement the correlated LSPs using the
distance-based correlations. In addition, the 3GPP NR channel
model introduces a spatial consistency procedure to generate
cluster-specific and ray-specific random variables for drop-
based simulations. To support the spatially correlated LSPs
in the device-to-device (D2D) scenarios, the METIS channel
model proposes the sum-of-sinusoids (SOS) method [17], [18]
with low time and space complexity [8]. The mmMAGIC
channel model utilizes the extended Saleh-Valenzuela (SV)
model [19] to characterize the clusters and rays in both spatial
and temporal domains. Besides, the numbers and arrival rates
of clusters and rays are modeled as random variables and
Poisson processes, respectively [9]. The QuaDRiGa adopts the
SOS spatial consistency model in which channel parameters as
spatially correlated stochastic processes are approximated as
the SOS functions of 3D coordinates [20], [21].2 Specifically,
the initial LSPs and SSPs are firstly calculated by the SOS
method. Then, the scaling operations are implemented to
generate the actual SSPs which fulfill the requirements of
LSPs. Finally, the cluster positions are calculated by using
the actual SSPs. The COST 2100 channel model interpolates
spatial consistency in a different way: it first generates the
propagation environment with fixed cluster locations, then the
channel is determined by the clusters which can be “seen” by
the MT [11]. Thus the closely located MTs can share a similar
environment in the COST 2100 channel model.

The spatial consistency of the channel over a local space is
an essential prerequisite for validations of space-related con-
cepts, e.g., the positioning technology [22]–[25] and the beam
tracking technology [13]. On the one hand, spatial consistency
requires that any two channels at geographically neighboring
locations are correlated. On the other hand, spatial consistency
requires that the LSPs, SSPs, and clusters of the channel
and geographic location are in one-to-one correspondence
because of the unique surrounding environment. The above
two requirements of spatial consistency have been realized
in the COST 2100 channel model. However, as a cluster-level
channel model, the COST 2100 channel model still lacks some
important parameter information to parameterize the channel
in many scenarios. On the contrary, the existing GSCM-based
channel simulators such as the QuaDRiGa are system-level
and can simulate enormous scenarios benefiting from sufficient

2In the SOS method, since the neighboring spatial positions share similar
clusters, both LSPs and SSPs as stochastic processes should vary in a
continuous and realistic manner as a function of spatial positions. In other
words, all parameters that determine the propagation environment are derived
from spatially correlated stochastic processes.

measurements. Although such a stochastic approach tries to
realize the continuous changes of channel parameters over
space by the correlated map method or the SOS method,
it ignores the spatial consistency of clusters. The cluster
positions calculated by the SSPs appear considerably different
even over a short distance between two MTs. Sometimes, the
distance between the cluster positions of two neighboring MTs
exceeds that between two MTs by several orders of magnitude,
violating the wide-sense stationary (WSS) conditions, i.e.,
the cluster positions are approximately the same for closely
neighboring spatial positions [21]. Hence, the existing GSCM-
based channel simulators still lack spatial consistency at the
cluster level.

In this paper, we propose a reference points (RPs) transition
method to realize the spatial consistency of the channel sim-
ulator at the LSP, SSP, and cluster level over the entire space.
We first investigate two characteristics of spatial consistency:
1) The correlation distance [7], [13] is introduced as the
spacing between the RPs so that the channels of RPs are
mutually independent. At the cluster level, when the MT’s
position changes from one RP to another RP, the clusters
“seen” by the MT evolve gradually from the clusters of the
old RP to those of the new one. 2) According to the circular
scattering model proposed in [26], [27], the change of the
root mean square (RMS)-DS over the space is derived to
be continuous and smooth, and the RPs transition can be
implemented to realize cluster appearance and disappearance
based on this. Combining these two characteristics, we propose
the RPs transition method to improve the cluster-level spatial
consistency. Specifically, the RPs are firstly evenly selected
in the target area according to the correlation distance. Then
a stochastic part generates LSPs and SSPs for these RPs, of
which the 2D or 3D positions of the surrounding clusters are
calculated and stored. Next, transitions between the RPs are
implemented to determine the clusters and the cluster powers
for the MT. Finally, the cluster delays and angles are updated
based on the geographical calculation to obtain the spatial
evolutions of LSPs and SSPs. To summarize, our contributions
are as follows:

1) Starting from the widely used circular scattering model,
we derive that the RMS-DS varies continuously and s-
moothly over the target area when the number of subpaths
is quite large. It inspires us that the RMS-DS variation
curve over the space is still around an ideal continuous
curve with finite subpaths.

2) From two perspectives: the evolution of the RMS-DS
and the evolution of the clusters, we propose the RPs
transition method to realize the spatial consistency of
LSPs, SSPs, and clusters in the entire 2D or 3D space.

The rest of the paper is organized as follows: In Section
II, we investigate the characteristics of the channel spatial
consistency. Section III describes the realization of spatial
consistency. Section IV then uses simulation to validate the
performance of the channel simulator with RPs transition
method. In Section V, we summarize the paper.
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TABLE I: The Range of Correlation Distances and Number of Subpaths in Different Scenarios [6]

Scenario Range of correlation distance Number of subpaths
UMi LOS 7 ∼ 15 m 221

UMi NLOS 9 ∼ 13 m 380

UMa LOS 12 ∼ 30 m 221

UMa NLOS 40 ∼ 50 m 400

II. CHARACTERISTICS OF SPATIAL CONSISTENCY

The concept of correlation distance has been introduced
to describe the correlations of LSPs over the distance in
previous literature [7], [13]. An intuitive explanation is that
the surrounding clusters are almost completely different when
the distance between two MTs is larger than the largest
correlation distance. Hence, it is reasonable to confine the
investigation of the spatial consistency within the correlation
distance. To characterize the transition of the channel, i.e.,
cluster appearance and disappearance, over the space, we then
investigate the changing pattern of RMS-DS with the MT’s
motion.

A. Correlation Distance

Due to the consistency of the scattering environment, the
LSPs of the two channels at adjacent positions are corre-
lated, and these correlations will gradually decrease when
the distance between them increases. Then the correlation
distance of the LSP is introduced: when the distance of
two spatial positions is larger than the correlation distance,
the corresponding LSPs of the two channels are statistically
independent of each other. At the cluster level, the clusters
“seen” by two MTs are completely different when the distance
between two MTs is larger than the correlation distance. For
channel generation, the WINNER channel model introduces
the channel segment as a period of quasi-stationarity in which
the LSPs do not change considerably [7]. The Quadriga
follows the concept of the channel segment and sets the length
of channel segment as the average correlation distance of each
LSP. As such, the channels at the beginning and the end of the
channel segment are generated independently. The correlation
distances are different for different scenarios. The range of
correlation distances in several scenarios referring to the 3GPP
NR document [6] is listed in Table I.

B. Continuity of RMS-DS

As the root of the second central moment of the normalized
power delay profile (PDP), RMS-DS is an important LSP used
to measure the multipath richness of a communication channel
related to the number of clusters, cluster delays, and cluster
powers [28]. To investigate the pattern of RMS-DS change
over space, we first look into a widely used spatial channel
scattering model. In fixed wireless communication context, the
base station (BS) is usually elevated at a very high altitude and
seldom obstructed. Thus the multipath components are mainly
determined by scatterers surrounding the MT. The circular
scattering model assumes that the scatterers are uniformly and
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Fig. 1: Circular scattering model with radius R.

independently distributed within a circle around the MT, and
only a single scatterer is considered for each non-line of sight
(NLOS) path [26], [27], as shown in Fig. 1. Starting from the
circular scattering model, we present the changing pattern of
RMS-DS over space as in Theorem 1.

Theorem 1: When the number of subpaths is quite large,
the RMS-DS varies continuously over the target space. Denote
the RMS-DS of the mth MT at the position am as D(am).
Suppose a0 is an arbitrary position in the space, then the limit
of D(am) exists and equals to D(a0) when am → a0, given
as

lim
am→a0

D(am) = D(a0). (1)

Proof: See appendix A.
Remark 1: Theorem 1 demonstrates the continuity of RMS-

DS over the space under the assumption that the number of
subpaths is quite large. It inspires us that when the number of
subpaths is finite, the RMS-DS variation curve is still around
an ideal continuous curve. The number of subpaths in different
3GPP scenarios [6] are listed in Table I.

Remark 2: Through carefully setting the RP spacing, the
RMS-DS variation curve between two adjacent RPs can be
approximated as a continuous straight line. The detailed setting
of RPs is described in Section III-A.

III. REALIZATION OF SPATIAL CONSISTENCY

Since the existing channel simulators are system-level and
can simulate enormous scenarios benefiting from sufficient
measurements, we further realize the spatial consistency at
the cluster level besides the LSP and SSP levels over the
entire space based on the QuaDRiGa. Fig. 2 shows the
overall structure of the channel simulator with the proposed
RPs transition method, where the gray blocks represent our
modifications to realize spatial consistency. The fixation of
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Fig. 2: Steps of the generation of channel coefficients

the scattering environment is incorporated in steps A, B, C,
and E. The spatial transition is incorporated in steps F and G.

We implement the spatial consistency from two perspec-
tives: the evolution of the RMS-DS and the evolution of the
clusters. The RMS-DS is a significant LSP used to measure
the multipath richness of wireless channel. Assume the current
position of the mth MT is am, the movement of the MT is
represented by a vector ∆am. At the next position am+∆am,
the RMS-DS is evolved as

D(am)
E→D(am +∆am), (2)

where the operator
E→ denotes the evolution via space. Another

important phenomenon of the wireless channel is the birth
and death of cluster [29], [30]. To introduce such a physical
phenomenon, we assume each cluster only survives in a small
geographical area, a.k.a., survival space. Then we pair the new
clusters and the old clusters and assume the paired ones have
the same survival space. With the motion of MT, the new
clusters gradually ramp up and the old ones gradually ramp
down until the new ones completely replace the old ones. Let
αn(am) be the complex channel gain corresponding to the
nth paired clusters of the MT at position am. We represent
the evolution of the complex channel gain at the next position
am +∆am as

αold,n(am)
E→αold,n(am +∆am),

αnew,n(am)
E→αnew,n(am +∆am).

(3)

To realize the channel evolutions described in (2) and (3),
we first choose a series of RPs in the target area, and a
stochastic part generates LSPs and SSPs for these RPs. Then
transitions among these RPs are implemented, and the cluster
powers and phases are calculated to generate the channel
of MT. Finally, the cluster delays and angles are updated
based on the geographical calculation in the fixed scattering
environment.

A. Selection of RPs and Generation of LSPs of RPs

In the proposed RPs transition method, the RPs are evenly
selected in the target area. Specifically, the positions of RPs
in the target area are segment-based, grid-based, and cube-
based in the 1D, 2D, and 3D space, respectively. To make

the channels of these RPs approximately independent, we
choose the spacing between the RPs as the average correlation
distance, e.g., the spacing is set to 11 m, 21 m, and 45 m
for UMi, UMa LOS, and UMa NLOS, respectively [6]. As
such, each RP can be considered as the beginning of a channel
segment.

Then we briefly introduce the generation of LSPs of these
RPs. We consider the following eight LSPs: RMS-DS, SF,
Ricean K-factor (KF), azimuth spread of departure (ASD),
azimuth spread of arrival (ASA), elevation spread of depar-
ture (ESD), elevation spread of arrival (ESA), and cross-
polarization ratio (XPR). As stochastic processes, the above
eight LSPs of RPs are generated randomly by the SOS
method based on the geographic positions of RPs and the
statistical distribution functions drawn from field measurement
data. Then the cluster powers, cluster delays, departure and
arrival angles are also generated randomly by the SOS method
according to the spatial positions of RPs, the empirical distri-
bution functions, and the generated LSPs. Specific generation
methods can refer to QuaDRiGa documents [21].

B. Calculation and Storage of Clusters Positions

To update the cluster delays and angles when the MT moves,
the positions of the clusters involved in the NLOS propagation-
s are required. We consider the multi-bounce model in which
both the first-bounce scatterer (FBS) and last-bounce scatterer
(LBS) are taken into account [21]. The NLOS propagation
can be divided into three parts, as shown in Fig.3. Firstly, the
ray emitted from the BS side reaches the FBS directly, then
it propagates from the FBS to the LBS, and finally reaches
the MT. As such, the departure angles are determined by the
relative positions between the FBSs and BS, while the arrival
angles are determined by the relative positions between the
LBSs and MT.

To realize the spatial consistency in the target area, the
scattering environment needs to be consistent. Since the RPs
are evenly selected throughout the space, we assume the
summation of clusters of each RP constitutes the overall
scattering environment. The QuaDRiGa document [21] has
resolved the calculation of the positions of the FBS and the
LBS in the multi-bounce model using the cluster delays and
angles. Based on this, we calculate the positions of clusters
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Fig. 3: Multi-bounce model.

of the RPs and store them in our database. By doing so, the
overall scattering environment is determined and fixed.

C. Transition between RPs
To realize the spatial consistency at the cluster level in the

entire space, we propose to generate the channel of the MT
based on the transitions between the RPs. In the rest of this
section, we first describe the RPs transition in the 1D space,
based on which we then describe the RPs transition in the 2D
or 3D space.

In the 1D space, the RPs are arranged with equal spacing in
a straight line. We assume the channel of the MT is determined
by the scattering environment of the most two neighboring
RPs. When the MT moves from one RP to another RP, the
clusters of the old RP’s channel are gradually replaced by
that of the new one, resulting in the transition of the channel.
Specifically, we couple the clusters of the two RPs based
on their RMS-DS and power. To keep the computational
overhead low, the interval between adjacent RPs is divided
into numbers of sub-intervals with each of them corresponding
to the survival space of a pair of clusters. During each sub-
interval, the power of the new cluster is positively correlated
with the length of the MT movement in the sub-interval d,
and the power of the old one is negatively correlated with the
length d until the old one is replaced totally by the new one. To
meet the above conditions, we assume that the power changes
of the new and old clusters in the sub-interval are linear, and
the function of power ramps is modeled as

w(d) =
d

ds
,

wold(d) =
√
1− w(d),

wnew(d) =
√
w(d),

(4)

where wold(·) represents the ramp function of the old cluster,
wnew(·) represents the ramp function of the new cluster, and
ds is the length of the sub-interval. If the number of clusters in
the two RPs is different, then the weakest clusters are ramped
up or down over the interval individually without coupling.

RP1 RP2

Sub-interval with length

d

s
d

MT

Fig. 4: Transition in the 1D space.

Fig. 4 shows the RPs transition in the 1D space. We assume
that the number of clusters of RP1 and RP2 is equal and

denoted by Np. Since each sub-interval between the RP1 and
RP2 corresponds to a pair of clusters, the number of sub-
intervals is also equal to Np. We next describe how to model
the appearance and disappearance of clusters when the MT
moves between RP1 and RP2. We reorder the clusters of RP1
and RP2 and pair the clusters that have the same index. Let
o1 and o2 be the sequences of an arrangement of the RP1’s
clusters’ indices and the RP2’s clusters’ indices, respectively.
The ith element in the sequences o1 and o2 are denoted by
o1(i) and o2(i), respectively. When the MT is located in the
nth sub-interval, the clusters of RP1 with indices from o1(1)
to o1(n− 1) are replaced by the clusters of RP2 with indices
from o2(1) to o2(n − 1), and the cluster of RP1 with index
o1(n) is ramped down and the cluster of RP2 with index
o2(n) is ramped up based on the distance d. Let the channel
gains of the ith cluster of RP1 and RP2 are denoted by αi,1

and αi,2, respectively. For integers i = 1, · · · , n − 1 and
j = n + 1, · · · , Np, we calculate the channel gains of the
mth MT in the nth sub-interval as

αi,m = αo1(i),2,

αn,m = wnew(d) · αo2(n),2,

αn+1,m = wold(d) · αo1(n),1,

αj+1,m = αo1(j),1.

(5)

The ith cluster powers of RP1 and RP2 are denoted by pi,1
and pi,2, respectively, and their sum powers are denoted by

P1 =
Np∑
i=1

pi,1 and P2 =
Np∑
i=1

pi,2, respectively. The sum power

of the MT with the moving distance of d in the nth sub-interval
is given by

P ′
n(o1, o2, d) =

n−1∑
i=1

po2(i),2 +

Np∑
i=n+1

po1(i),1

+ w2
old(d) · po1(n),1 + w2

new(d) · po2(n),2.

(6)

Then we illustrate how to determine the arrangements of o1
and o2. Let the ith cluster delays of RP1 and RP2 denoted
by τi,1 and τi,2, respectively. Then the RMS-DSs of RP1 and
RP2 are calculated as

D1 =

√√√√√√ Np∑
i=1

pi,1τ2i,1 −

(
Np∑
i=1

pi,1τi,1

)2

P1
(7)

and

D2 =

√√√√√√ Np∑
i=1

pi,2τ2i,2 −

(
Np∑
i=1

pi,2τi,2

)2

P2
, (8)

respectively. The actual RMS-DS of MT at the end of the nth
sub-interval is given in (9), shown at the top of next page,
where P ′

n(o1, o2) , P ′
n(o1, o2, ds). As we have illustrated

in Section II-B, RMS-DS is an important characteristic of
spatial consistency, thus we should dedicate to the RMS-DS
to determine the arrangements of o1 and o2. The actual RMS-
DS variation curve calculated by the SSPs may fluctuate in
a stochastic way during the transition between the RPs. For
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D′
n(o1, o2) =

√√√√√√ n∑
i=1

po2(i),2τ
2
o2(i),2

+
Np∑

i=n+1

po1(i),1τ
2
o1(i),1

−

(
n∑

i=1

po2(i),2τo2(i),2 +
Np∑

i=n+1

po1(i),1τo1(i),1

)2

P ′
n(o1, o2)

(9)

example, the RMS-DS will decrease if a strong cluster with a
large delay ramps down and its coupled weak cluster with a
small delay ramps up, and vice versa. According to Theorem
1, the true RMS-DS varies continuously in the space, and we
can assume the target RMS-DS changes in proportion to the
distance. To minimize the impact of the RPs transition on
RMS-DS fluctuations, the optimal o1 and o2 can be obtained
by solving the following optimization problem

argmin
o1,o2

Np∑
n=1

(
D′

n (o1, o2)− D̃n

)2
· b (o1, o2) , (10)

where D̃n = D1+
n
Np

(D2 −D1) denotes the target RMS-DS
in the nth sub-interval, and b(o1, o2) is the penalty of channel
power introduced by [7], [10]

b(o1, o2) = max
n=1,··· ,Np

(
P ′
n(o1, o2, ds)

P1 +
n
Np

(P2 − P1)

)
. (11)

The basic idea behind the optimization problem (10) is to
minimize the cost bewteen the target RMS-DSs D̃n, n =
1, 2, . . . , Np and the optimized RMS-DSs D′

n(o1, o2), n =
1, 2, . . . , Np in all sub-intervals by searching the couple of
the clusters.3

RP1RP2

RP3 RP4

MT

a

b

c d

Fig. 5: Transition in the 2D space.

In the 2D space, the evenly spaced RPs and the lines
connecting them divide the target area into individual grids.
To ensure the rationality of the transition in the 2D space, we
propose the following three constraints:

1) When the MT falls in the grid area as shown in Fig. 5,
the scattering environment around the MT is consistent
with the scattering environment around the four vertices.

2) The transition can reflect the continuity of RMS-DS
change in the space.

3) The result of the transition is unique.
With the consideration of the first two constraints, we

transfer the transition in the 2D space into a two-step transition

3The typical solution of the optimization problem (10) refers to the heuristic
iteration method in [10], [21].

in the 1D space. In the first step, the position of the MT
is projected on the lines connecting the vertices RP1, RP2,
and the vertices RP3, RP4, respectively. Fig. 5 illustrates this
projection method. The projection points are denoted as a and
b, respectively. Using the transition method in the 1D space,
we calculate the cluster powers and phases of the point a with
the vertices RP1 and RP2, and the cluster powers and phases
of the point b with the vertices RP3 and RP4. In the second
step, since the MT is in the line connecting a and b, we then
calculate the cluster powers and phases of the MT with a and
b as the RPs using the transition method in the 1D space.

To prove the uniqueness of this method, we consider another
way of projection: the position of the MT is projected on the
lines connecting the vertices RP2, RP3 and the vertices RP1,
RP4, with the projection points denoted by c and d. Let D1,
D2, D3, D4 denote the RMS-DS of RP1, RP2, RP3, RP4
respectively. In the first way of projection, the RMS-DS of
the point a is approximated based on the transition in the 1D
space, given by

Da = D2 + k (D1 −D2) = k ·D1 + (1− k) ·D2, (12)

where
k =

|xm − x3|
dc

, (13)

where x3 and xm are the x-coordinates of the RP3 and the mth
MT, respectively, and dc is the distance between two adjacent
RPs. Similarly, the RMS-DS of the point b is given by

Db = k ·D4 + (1− k) ·D3. (14)

Then we approximate the RMS-DS of the MT as

Dm = l ·Da + (1− l) ·Db, (15)

where
l =

|ym − y3|
dc

, (16)

where y3 and ym are the y-coordinates of the RP3 and the
mth MT, respectively.

In the second way of projection, the RMS-DSs of the point
c and d are approximated as

Dc = l ·D2 + (1− l) ·D3, (17)

and
Dd = l ·D1 + (1− l) ·D4, (18)

respectively. Then the RMS-DS of the mth MT is approxi-
mated as

D′
m = k ·Dd + (1− k) ·Dc. (19)

Define the weight vectors as

k = [k, 1− k]T , (20)
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l = [l, 1− l]T , (21)

and the RMS-DS matrix as

D =

[
D1 D3

D2 D4

]
. (22)

For the sake of clarity, we represent the expressions in (15)
and (19) in vector form, given as

Dm = lT · [Da, Db]
T
= lTDTk, (23)

and
D′

m = kT · [Dd, Dc]
T
= kTDl, (24)

respectively. Hence, we have

D′
m = kTDl =

(
lTDTk

)T
= Dm. (25)

So the transition results obtained by the two projection meth-
ods are the same. The third constrain is satisfied.

Hereafter we consider the RMS-DS variation in two special
cases: the MT moves from the inner area of the grid to the
edge of the grid; the MT moves from the inner area of the
grid to the vertices of the grid. In the first case, let the MT
approaches the point b that falls on the edge of the grid. From
(15) and (16), we have

lim
ym→y3

Dm = Db. (26)

Therefore, the RMS-DS changes continuously when the MT
moves from the inner area of the grid to the edge of the grid.
Further, when the MT falls on edge of the grid, its RMS-DS
is totally determined by the nearest two RPs. In this case, the
transition in the 2D space is consistent with that in the 1D
space. In the second case, let the MT approaches the RP3.
From (12), (14) and (15), we have

lim
xm→x3,ym→y3

Dm = D3. (27)

Thus, the RMS-DS also changes continuously when the MT
moves from the inner area of the grid to the vertices of the
grid. The RMS-DS of the MT is consistent with the RMS-DS
of the RPs when the MT coincides with the RPs.

MT

a¢

b¢

Fig. 6: Transition in the 3D space.

In the 3D space, the situation is more complicated. The
evenly spaced RPs and the lines connecting them divide
the target area into individual cubes, as described in Fig.
6. When the MT falls in the cube area, we assume that
the channel coefficients of the MT are only related to the
scattering environment around the eight vertices and their
channel coefficients. Inspired by the transition in the 2D space,

we further transfer the transition in the 3D space into a two-
step transition using the transition in the 1D and 2D space.
The MT is first projected onto the upper and lower surfaces
of the cube, and the projection points are denoted as a′ and
b′, as shown in Fig. 6. Then based on the transition in the
2D space, we calculate the cluster powers and phases at a′

and b′. Finally, the cluster powers and phases of the MT are
calculated with a′ and b′ as the RPs using the transition in the
1D space. The three constraints are also satisfied for transition
in the 3D space, of which the discussion process is similar to
that in the 2D space and hence we omit it.

D. Update of Cluster Delays and Angles

After realizing spatial evolution of clusters through the
transitions between RPs proposed in section III-C, the cluster
powers, phases, and the corresponding FBSs and LBSs are
available for the MT. Let the position of the mth MT’s receive
antenna be am and the center position of the bth BS’s transmit
antenna be ab. To further realize the spatial evolutions of LSPs
and SSPs, we update the delays and angles for each cluster of
the MT based on geographic calculation by using the positions
calculated in Section III-B. The ith cluster delay of the mth
MT is updated as

τi,m =
∥ab − ai,s,1∥+ ∥ai,s,1 − ai,s,2∥+ ∥am − ai,s,2∥

c
,

(28)
where c is the light speed, ai,s,1 and ai,s,2 are the positions
of FBS and LBS of the ith cluster, respectively, and ∥·∥ is the
Euclidean norm. Let [·]i represent the ith element of a vector.
The elevation and azimuth angles between the FBS of the ith
cluster and the bth BS’s transmit antenna are updated as

θi,b = arccos

(
[ai,s,1 − ab]3
∥ab − ai,s,1∥

)
, (29)

φi,b = arctan

(
[ai,s,1 − ab]2
[ai,s,1 − ab]1

)
, (30)

respectively. Similarly, the elevation and azimuth angles be-
tween the LBS of the ith cluster and the mth MT’s transmit
antenna are updated as

θi,m = arccos

(
[ai,s,2 − am]3
∥am − ai,s,2∥

)
, (31)

φi,m = arctan

(
[ai,s,2 − am]2
[ai,s,2 − am]1

)
. (32)

IV. SIMULATION RESULTS

In this section, we evaluate the performance of the spa-
tial consistency of the channel simulator with the proposed
RPs transition method. We first provide three performance
metrics from different levels to evaluate spatial consistency.
Then, we illustrate the settings of the simulation. Finally, we
compare the performance of spatial consistency between the
channel simulator with RPs transition method and the original
QuaDRiGa using the simulation results.

Authorized licensed use limited to: Southeast University. Downloaded on June 08,2022 at 10:57:13 UTC from IEEE Xplore.  Restrictions apply. 



0018-9545 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TVT.2022.3161728, IEEE
Transactions on Vehicular Technology

8 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. XX, NO. X, XX XXXX

-250 -200 -150 -100 -50 0 50 100 150

x (m)

-150

-100

-50

0

50

100

150

y 
(m

)
BS
RPs
Boundary

Fig. 7: BS and RPs in the target area.
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Fig. 8: MTs in the track.

A. Performance Metrics

1) LSP level: The evolution of LSPs along with the MTs’
positions. Two geographically neighboring MTs will share
related LSPs due to the similar scattering environment. As
the LSPs, RMS-DS and AS are the second moments of time
delay and angle, respectively [31]. It is worth noting that there
are four ASs, including ASD, ASA, ESD, and ESA. Without
loss of generality, we only pay attention to the evolution of
ASD along with the MTs’ positions.

2) SSP level: The evolution of SSPs along with the MTs’
positions. The channel PDP and power angle spectrum (PAS)
give the power intensity of a multipath channel as a function of
time delay and angle, respectively [28]. On the one hand, for
closely spaced MTs, their surrounding scattering environment
maintains similarity, leading to related PDP and PAS. On the
other hand, we can easily observe the birth and death of
clusters along with the MTs’ positions from the PDP and PAS.
Therefore, PDP and PAS are both reasonable metrics of spatial
consistency at the SSP level. Note that the cluster angles
include the azimuth angle of departure (AOD), the elevation
angle of departure (EOD), the azimuth angle of arrival (AOA),
and the elevation angle of arrival (EOA). Without loss of
generality, we only focus on the PAS with respect to the AOD.

3) Cluster level: The evolution of cluster positions along
with the MTs’ positions. According to the WSS conditions, the
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Fig. 9: RMS-DS evolution along with the MTs’ positions.
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Fig. 10: ASD evolution along with the MTs’ positions.

cluster positions are nearly fixed for closely spatial positions
[21]. In other words, for two closely spaced MTs, cluster
positions are almost the same with the birth and death of
a small number of clusters. Therefore, the spatial evolution
of cluster positions is also an important metric for spatial
consistency.

B. Simulation Setup

We consider the 3GPP UMa NLOS scenario where the car-
rier frequency is set to 2 GHz. We set the average correlation
distance dc = 45 m according to the 3GPP NR channel model
[6], and the spacing between the RPs equals to dc as illustrated
in Section III-A. We consider a 225×225 m2 target area with
its center located at the origin (0, 0) m, of which the boundary
is shown in Fig. 7 by the dotted line. The BS is equipped with
a uniform planar array (UPA) at (−250, 0) m, comprising 16
antennas in each row and 4 antennas in each column. The
antenna plane is perpendicular to the ground and faces the
target area. The MT is equipped with an omni-directional
antenna and moves within the target area. The heights of the
BS’s antenna array and the MT’s antenna are set to 25 m and
1.5 m, respectively, as recommended in the 3GPP channel
models [5], [6]. The RPs are evenly spaced in the target area.
In Fig. 7, we present the BS and RPs by the green diamond
and black squares, respectively.

We preset a track presented by the black line in the target
area to observe the spatial evolutions of LSPs, SSPs, and
cluster positions, as shown in Fig. 8. We place five MTs
presented by the black circles at five positions of the track,
and the direction of the track changes 120◦ once reaching a
new MT. We mark the five positions along the direction of the
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Fig. 11: PDP evolution of the channel simulator with RPs
transition method along with the MTs’ positions.

Fig. 12: PDP evolution of the original QuaDRiGa along with
the MTs’ positions.

track using the indices from 1 to 5. The distance between two
adjacent MTs is five meters in the track. Note that the MTs
can be placed at arbitrary positions of the target areas, which
are not limited to the above track.

C. Simulation Results

Fig. 9 and Fig. 10 present the performance comparisons
of spatial consistency at the LSP level. The RMS-DS evolu-
tions with the MTs’ positions are shown in Fig. 9. We can
observe that the RMS-DS spatial evolution curves of both the
QuaDRiGa and the channel simulator with the proposed RPs
transition method can fit with the desired RMS-DS curve well.
The superior fitting results of the simulator with RPs transition
method benefit from the optimization of RMS-DS in equation
(10). Fig. 10 shows ASD evolutions with the MTs’ positions.
Although our proposed method does not specifically optimize
for AS, the simulator with RPs transition method can still
achieve similar performance with the original QuaDRiGa in
terms of the spatial consistency of ASD. Note that ‘Desired
LSP’ in the legend is generated by the SOS method as the input
of the SSP model, while ‘Actual LSP’ is calculated according
to the actual generated SSPs.

The PDP evolution of the channel simulator with RPs tran-
sition method along with the MTs’ positions is demonstrated

Fig. 13: PAS evolution of the channel simulator with RPs
transition method along with the MTs’ positions.

Fig. 14: PAS evolution of the original QuaDRiGa along with
the MTs’ positions.

in Fig. 11. The difference between the PDPs at two adjacent
positions, e.g., the 1st position and 2nd position, is small,
while the PDPs at the 1st and 5th positions appear considerable
difference. The birth and death of the clusters can be roughly
observed through the appearance and disappearance of the
power spikes on the delay axis in the movement. Fig. 12
shows the PDP evolution of the original QuaDRiGa along
with the MTs’ positions. On the contrary, even if the positions
of two MT are adjacent, the PDPs at such two positions
appear obviously different. Specifically, for the 1st position
and 2nd position, the shift of most power spikes on the delay
axis implies that the positions of the majority of clusters
are changed, which violates the WSS conditions over a short
distance.

Fig. 13 presents the PAS evolution of the channel simulator
with RPs transition method along with the MTs’ positions.
From the 1st position to the 5th position, the PAS varies
gradually and the appearance and disappearance of the power
spikes on the AOD axis occur, indicating the birth and death of
the clusters. Fig. 14 presents the PAS evolution of the original
QuaDRiGa along with the MTs’ positions. We can observe
that the variation of the PAS over space is significant so that
a large number of clusters are born and died even for two
adjacent MTs.
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Fig. 15: The evolution of cluster positions of the channel
simulator with RPs transition method from MT1 to MT2.
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Fig. 16: The evolution of cluster positions of the original
QuaDRiGa from MT1 to MT2.

To further demonstrate the spatial consistency at the cluster
level, we plot the evolutions of cluster positions of the channel
simulator with the proposed RPs transition method and the
original QuaDriGa from MT1 to MT2, as shown in Fig. 15
and Fig. 16, respectively. MT1 and MT2 are presented by the
red pentagon and blue hexagon, respectively. To distinguish
different kinds of scatterers, we present the FBSs of MT1, the
LBSs of MT1, the FBSs of MT2, and the LBSs of MT2 by
the red pluses, red crosses, blue triangles, and blue squares,
respectively. In Fig. 15, we can observe that most scatterers
of MT1 overlap those of MT2 along with the birth and death
of a small number of clusters. In contrast, there is little
overlap between the scatterers of MT1 and MT2 even though
the distance between two MTs is very short (only 5 m), as
shown in Fig. 16. Sometimes, the distance between the cluster
positions of two adjacent MTs is several times or even tens of
times longer than that between two MTs, which violates the
WSS conditions, i.e., the cluster positions are nearly fixed for
closely neighboring spatial positions. In addition, the spatial
evolution of cluster positions can well explain the simulation
results of the spatial evolutions of PDP and PAS.

From the perspective of the generation order of the MT’s
channel parameters, the existing GSCM-based channel simu-

lators’ order is LSPs, SSPs, and clusters, which is opposite
to the practical physical generation order (i.e., the clusters
determine the SSPs which further determine the LSPs). From
the simulation results of the QuaDRiGa, we can observe that
the small changes of SSPs such as cluster delay and angles
over space may contribute to the large and abrupt changes of
cluster positions. Although the existing GSCM-based channel
simulators try to realize the continuous changes of LSPs
and SSPs over space, the cluster positions calculated by the
SSPs according to the multi-bounce model [21] may appear
considerably different even over a short distance between two
MTs, as shown in Fig. 16. By comparison, the generation order
of the MT’s channel parameters in our proposed RPs transition
method is consistent with the practical physical generation
order. According to the simulation results of the channel
simulator with RPs transition method, the small changes of
clusters can correspond to the small and continuous changes
of LSPs and SSPs. Hence, the channel simulator with RPs
transition method can ensure that the cluster appearance and
disappearance satisfy the WSS conditions even for closely
neighboring spatial positions as shown in Fig. 15, resulting in
the spatial consistency of LSPs and SSPs based on geographic
calculation. Therefore, the channel simulator with the pro-
posed RPs transition method can achieve better performance
of spatial consistency than the existing ones at the SSP and
cluster levels.

V. CONCLUSION

In this paper, we proposed the RPs transition method
to improve the cluster-level spatial consistency of channel
simulator in the entire 2D or 3D space. We first introduced
the concept of correlation distance and derived the continuity
of the RMS-DS in the space. Then we proposed to choose
the RPs according to the correlation distance and generate
their channels stochastically based on the SOS method. Next,
we proposed the RPs transition method based on the RMS-
DS continuity to generate the MT’s channel deterministically,
which realizes the spatial consistency of clusters. Finally,
the cluster delays and angles were further updated based on
geographic calculation to realize the spatial consistency of
LSPs and SSPs. The simulation results demonstrated that the
channel simulator with RPs transition method could achieve
spatial consistency at the LSP, SSP, and cluster levels over the
entire space.

APPENDIX A
PROOF OF THEOREM 1

We assume the positions of the bth BS and mth MT are
ab = (xb, yb) and am = (xm, ym), respectively. The distance
between them is given as

dm = ∥am − ab∥ =

√
(xm − xb)

2
+ (ym − yb)

2
. (33)

Given the propagation path shown in Fig. 1, the signal prop-
agates from the BS to the scatterer and then reaches the MT.
Let the distance and angle from the MT to the sth scatterer
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be rs and θs , respectively. The distance from the scatterer to
the bth BS is calculated as

rb =
√
d2m + r2s − 2rsdm cos (θs). (34)

Then the delay of the propagation path is calculated as

τ =
rs + rb
c

, (35)

where c is the light speed.
We then calculate the probability density function (PDF) of

the distribution of τ . Let A(τ, dm) denotes the area of the
overlapping region of the ellipse with the scattering circle,
as shown in Fig. 17. The semi-major axis of the ellipse is
a = τc

2 with the BS and the MT as its focus. According to
[27], A(τ, dm) is calculated as

A(τ, dm)

= R2α+
d2m − τ2c2

4
·

(
−πτc√
τ2c2 − d2m

+
d sin(α)

τc− dm cos(α)

+
2τc√

τ2c2 − d2m
· arctan


√
τ2c2 − d2m tan

(
α
2

)
τc− dm

 ,

dm
c

6 τ 6 dm + 2R

c
, dm > 0,

(36)
where α is the angle from the MT to the intersection of the
circle with ellipse. By substituting α for θs in (34) and R for
rs in (35), and squaring both sides of (35), we solve that

α = arccos

(
d2m + 2Rτc− τ2c2

2Rdm

)
. (37)

Because the scatterers are uniformly distributed in the scatter-
ing circle, the cumulative density function (CDF) of τ can be
calculated as the divisor of A(τ, dm) and the area of scattering
circle, given by

F (τ ; dm) =
A(τ, dm)

πR2
. (38)

By taking the derivative of (38) with respect to τ , the PDF of
τ is calculated as

fτ (τ ; dm) =
1

πR2

d

dτ
A(τ, dm),

dm
c

6 τ 6 dm + 2R

c
.

(39)
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Fig. 17: PDF calculation of the delay in circular scattering
model.

Assume that the power of all subpaths is equal, and the
total power of subpaths is normalized to 1. Then the subpath
power is given by pn = 1

Ns
for n = 1, 2, · · · , Ns, where Ns

is the number of subpaths. We divide the delay domain into
many intervals with a spacing of ∆τ . Given a non-negative
integer i, the probability of subpath delay τ which lies in the
ith interval [i∆τ, (i+ 1)∆τ ] can be approximated by

ρi ≈ fτ (i∆τ ; dm) ·∆τ. (40)

When the number of subpaths Ns is quite large, according to
the law of large numbers, the number of subpaths correspond-
ing to the ith delay interval [i∆τ, (i+1)∆τ ] is approximated
by

Λi ≈ Ns · ρi, i = 0, 1, · · · . (41)

Let △ τ → 0, the RMS-DS with the distance between the BS
and the MT equaling to dm is calculated as

D(dm) =

√√√√ Ns∑
n=1

pn · τ2n −

(
Ns∑
n=1

pn · τn

)2

=

√√√√ lim
∆τ→0

∞∑
i=1

1

Ns
(i∆τ)

2
Λi −

(
lim

∆τ→0

∞∑
i=1

1

Ns
i∆τΛi

)2

=

√√√√∫ dm+2R
c

dm
c

τ2fτ (τ ; dm)dτ −

(∫ dm+2R
c

dm
c

τfτ (τ ; dm)dτ

)2

.

(42)
From (42), the calculation of RMS-DS comes to the calcula-
tion of the variance of τ . Using partial integration, (42) can
be further rewritten as

D(dm) =
√
ψτ (dm)−m2

τ (dm), (43)

where

ψτ (dm) =
(dm + 2R)

2

c2
−2

∫ dm+2R
c

dm
c

A(τ, dm)

πR2
τdτ , dm > 0,

(44)

mτ (dm) =
dm + 2R

c
−
∫ dm+2R

c

dm
c

A(τ, dm)

πR2
dτ, dm > 0.

(45)

The continuity theorem illustrates that:

• If functions f and g are continuous at x0, then functions
f +g, f −g, f ·g, and f

g (g(x0) ̸= 0) are also continuous
at x0.

• If function f(u) is continuous at point u = u0 and
function u = g(x) is continuous at point x = x0 and
u0 = g(x0), then the composite function y = f(g(x)) is
continuous at point x = x0.

According to the continuity theorem, A(τ, dm) in (36) is
continuous in the function definition domain dm

c 6 τ 6
dm+2R

c , dm > 0. Further, we have ∀d0 ∈ (0,+∞),

lim
dm→d0

ψτ (dm) =
(d0 + 2R)

2

c2
− 2

∫ d0+2R
c

d0
c

A(τ, d0)

πR2
τdτ

= ψτ (d0),
(46)
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and ∀d0 ∈ (0,+∞),

lim
dm→d0

mτ (dm) =
d0 + 2R

c
−
∫ d0+2R

c

d0
c

A(τ, d0)

πR2
dτ

= mτ (d0).

(47)

Therefore ψτ (dm) and mτ (dm) are continuous in the function
definition domain d > 0. From (43), we derive

lim
dm→d0

D(dm) =
√

lim
dm→d0

ψτ (dm)− lim
dm→d0

m2
τ (dm)

= D(d0),
(48)

which means D(dm) is continuous when dm > 0. According
to the expression of dm in (33), the RMS-DS with respect to
the position am is given by

D(am) = D(dm)|dm=∥am−ab∥. (49)

Because the function dm is continuous with respect to am,
D(am) is also continuous with respect to am in the target
space. Given an arbitrary position a0 in the target space and
∥a0 − ab∥ = d0, by substituting (49) into (48), we obtain (1).
This completes the proof.
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