
01 March 2025

Alma Mater Studiorum Università di Bologna
Archivio istituzionale della ricerca

Yuan, Z., Zhang, J., Degli-Esposti, V., Zhang, Y., Fan, W. (2024). Efficient Ray-Tracing Simulation for Near-
Field Spatial Non-Stationary mmWave Massive MIMO Channel and Its Experimental Validation. IEEE
TRANSACTIONS ON WIRELESS COMMUNICATIONS, 23(8), 8910-8923 [10.1109/twc.2024.3357071].

Published Version:

Efficient Ray-Tracing Simulation for Near-Field Spatial Non-Stationary mmWave Massive MIMO Channel and Its
Experimental Validation

Published:
DOI: http://doi.org/10.1109/twc.2024.3357071

Terms of use:

(Article begins on next page)

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's website.

Availability:
This version is available at: https://hdl.handle.net/11585/1003050 since: 2025-01-26

This is the final peer-reviewed author’s accepted manuscript (postprint) of the following publication:

This item was downloaded from IRIS Università di Bologna (https://cris.unibo.it/).
When citing, please refer to the published version.

http://doi.org/10.1109/twc.2024.3357071
https://hdl.handle.net/11585/1003050


1

Efficient Ray-tracing Simulation for Near-field
Spatial Non-stationary mmWave Massive MIMO

Channel and Its Experimental Validation
Zhiqiang Yuan, Jianhua Zhang, Vittorio Degli-Esposti, Yuxiang Zhang, and Wei Fan

Abstract—Massive Multiple Input Multiple Output (MIMO)
at millimeter-Wave (mmWave) frequencies is envisioned as a
key technology for beyond 5G communication. Accurate channel
modeling is crucial for the design and evaluation of such
systems. Ray-Tracing (RT) can be used to accurately simulate
the propagation channel. However, state-of-the-art RT for multi-
antenna systems typically employs plane-wave extension under
far-field conditions, failing to capture Near-Field (NF) and Spatial
non-Stationary (SnS) properties that are observed in real-world
mmWave massive MIMO channel measurements. This work aims
at accurate and efficient RT simulations for massive MIMO
systems, with a proposed coarse-refinement strategy capable of
capturing NF and SnS. The channel is simulated using RT on
a few sparsely located array elements and then interpolated
onto other elements using spherical/astigmatic-wave approxima-
tion and the Uniform Theory of Diffraction, thus significantly
reducing simulation complexity while maintaining accuracy. The
proposed strategy is demonstrated to offer almost the same
simulation accuracy as the brute-force method, with a dramatic
reduction in complexity through experimental validation. The
significance, novelty, effectiveness, and simplicity of the proposed
framework make it highly valuable for massive MIMO channel
research.

Index Terms—Massive MIMO, ray-tracing simulation, near
field, spatial non-stationarity, channel sounding and modeling.

I. INTRODUCTION

Massive Multiple Input Multiple Output (MIMO) is consid-
ered as an essential component of beyond 5G communication
to meet the explosive data demands [1]. While reaping all the
benefits of conventional MIMO technology, massive MIMO
brings huge improvements in throughput, energy efficiency,
multi-user service, and link reliability through the use of
a large number of antennas (tens to thousands) [2]–[4].
Millimeter-Wave (mmWave) frequencies, on the other hand,
can be perfectly paired with massive MIMO as they offer
the advantages of the vast untapped spectrum and compact
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deployment of large antenna arrays [5]. New spatial processing
techniques operating at wideband can be explored to further
enhance the benefits and applications of mmWave massive
MIMO [6]. All those advantages have stimulated research
enthusiasm for developing mmWave massive MIMO systems
in both academia and industry [1].

Accurate channel models are essential to assist the design
and deployment of mmWave massive MIMO systems [7]–
[9]. Deterministic Ray-Tracing (RT), which relies on the ray-
optic approximation, can in principle simulate the wireless
channel between any couple of spatial locations (for the
Transmitter (Tx) and Receiver (Rx)) with high precision [10].
Traditionally, RT performs a simple point-to-point simulation
to estimate the channel between the Tx and Rx, e.g. in
[11]. However, this becomes unrealistic for large-scale channel
realizations due to the large array apertures with inconsistent
responses across elements [12]. A straightforward strategy is
to employ brute-force simulation, where RT is performed for
each Tx/Rx element pair of the array. However, this might
become computation-prohibitive for massive MIMO systems.

Alternatively, several works have been reported in the
literature to address RT simulation for multi-antenna channels.
In [13], the METIS work was proposed to employ simply
RT simulation for massive MIMO systems, though no re-
sults were presented. In [14]–[16], efficient RT simulations
were proposed for multi-antenna systems by introducing ac-
celeration strategies such as object space partitioning, grid
computing, and GPU acceleration. In [17]–[20], performance
of RT simulations for MIMO and massive MIMO systems
and their comparisons with measurements were analyzed.
However, brute-force simulations for all element pairs were
still employed in the above studies. In [21], a plane-wave
extension method was proposed for RT-aided MIMO channel
realization. Only one Tx-Rx element pair was simulated in
RT, and channels for other element pairs were obtained by
plane-wave expansion of the single-pair RT simulated result
under the Far-Field (FF) assumption. This assumption is useful
for MIMO radios with a small aperture. In [14], [22], the
plane-wave extension method was applied to obtain the MIMO
channel, where a good agreement in terms of capacity between
RT channels from the brute-force and plane-wave extension
simulations was achieved. In [23], the plane-wave extension
method was exploited in RT simulation for massive MIMO
systems in the context of human exposure evaluation.

As discussed, the state-of-the-art plane-wave extension
method is popularly adopted for MIMO systems with small-
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scale arrays. However, it becomes problematic for large-scale
massive MIMO systems, since it fails to capture the Near-
Field (NF) and Spatial non-Stationary (SnS) effects in the
channel. In fact, the FF assumption, which is the foundation
of the plane-wave extension, holds only when the distance
between the Tx and Rx is larger than the Fraunhofer dis-
tance (i.e., 2D2/λ where D2 and λ denote array aperture
and wavelength, respectively) [24]. Such assumption can be
violated in the typical mmWave massive MIMO scenarios
due to the large aperture, millimeter-lever wavelength, and
small cell configuration [25]–[27]. The NF and SnS proper-
ties hence arise in massive MIMO systems and have been
observed in several massive MIMO channel measurements,
e.g., [28]–[31]. Specifically, elements on a large antenna array
might observe a path with different angle and delay due to
NF communication distance. Besides, antenna elements at
different spatial positions on the large array might observe
different channel multipath characteristics including the power
and number of multipaths, which is so-called the SnS prop-
erty. These properties have a huge impact on the channel
capacity and beamforming performance of massive MIMO
systems [32], and would also lead to inaccurate channel
parameter estimation for current beamforming algorithms [33],
which requires accurate channel modeling. In state-of-the-art
studies, RT simulations including NF and SnS effects are
rarely reported, and a thorough experimental validation of RT
simulation for massive MIMO channels is currently lacking.
The commonly used plane-wave extension method fail to
model the NF SnS channel in a realistic manner and the brute-
force solution may be computationally prohibitive for massive
MIMO antenna arrays. An intuitive explanation of the channel
NF and SnS properties and how they can be reconstructed
in exiting methods is given here, with the help of Fig. 1 in
Section II. As shown, the presence of the obstacle and the large
array result in the NF and SnS phenomena in the channel. The
plane-wave extension method extends the generated response
by RT at one element to the whole array, which would
fail to capture the NF and SnS properties. The brute-force
method is able to reconstruct the properties by taking all
different element positions into consideration. However, it
suffers from unaffordable computation complexity from brute-
force RT simulations, especially for massive MIMO systems.
Therefore, efficient and accurate RT simulation for massive
MIMO systems and the associated experimental validation
remains an open research challenge.

In this work, we aim to establish an accurate and efficient
deterministic RT framework for massive MIMO systems that
can capture NF and SnS properties. Moreover, a massive
MIMO channel measurement campaign is introduced to ex-
perimentally validate the performance of this RT framework.
It is worth mentioning here that we use the same channel data
and brute-force RT (as the benchmark) as in our previous work
[34]. However, the research questions and objectives of the two
studies are different. [34] aims to build a statistical model for
massive MIMO channels, while this work aims at developing
an efficient and accurate RT simulation procedure based on a
deterministic approach. We emphasize the contributions and
novelty of this paper as follows:

• We use brute-force RT to accurately simulate NF SnS
massive MIMO channels. A thorough validation with
measurements is performed regarding SnS and NF prop-
erties, where numerical comparisons on path power and
angles are presented. Besides, the brute-force results also
serve as a reference for assessing the accuracy and com-
plexity of the following efficient RT simulation method.

• A coarse-refinement framework is proposed for accurate
and efficient RT simulation for massive MIMO systems.
The basic idea is to perform RT simulations on a few
sparsely located array elements and then interpolate sim-
ulated channels to the remaining elements, thus sig-
nificantly reducing the simulation complexity. Besides,
the proposed framework is demonstrated to achieve al-
most the same simulation accuracy as the brute-force
method. Specifically, we implement spherical-wave and
astigmatic-wave approximations with Uniform Theory of
Diffraction (UTD) [35] to compensate the multipath NF
propagation differences over elements, and perform ”vis-
ibility judgment” on non-stationary multipaths to capture
the SnS effect. To the authors’ best knowledge, it is
the first time that SnS and NF effects are synthetically
considered in efficient RT simulation for massive MIMO
systems.

• To validate the capability of the brute-force and novel
coarse-refinement methods for capturing NF and SnS
effects, a massive MIMO measurement campaign is intro-
duced as a baseline. The campaign is recently performed
at 26.5-32.5 GHz in an indoor room using a large-
scale (virtual) Uniform Circular Array (UCA) with 720
elements and a 1 m-diameter aperture, including one
Line-of-Sight (LoS) and two Obstructed-LoS (OLoS) sce-
narios. Results show that the NF and SnS properties can
be clearly observed in the measurements and accurately
simulated by both methods.

The rest of the paper is organized as follows. In Section
II, the signal model for the massive MIMO channel is first
introduced. Then, the state-of-the-art plane-wave extension
method, the brute force, and the proposed coarse-refinement
RT simulation frameworks are discussed. Section III describes
the massive MIMO channel measurement campaigns and
RT simulations using the three discussed methods, and the
validation results are presented in Section IV. Finally, Section
V concludes this paper.

II. RT CHANNEL SIMULATION FOR MASSIVE MIMO
This section first describes the massive MIMO propagation

channel with the NF and SnS properties. Then, the state-of-the-
art RT channel simulation for multi-element antenna systems,
namely plane-wave extension, is presented, and its incapability
to model the channel NF and SnS properties is elaborated. For
realistic simulation of the massive MIMO channel, a brute-
force method is proposed with the NF and SnS properties
accurately captured. Finally, to reduce the complexity of the
brute-force method, a coarse-refinement method is proposed. It
is demonstrated to efficiently reduce computation complexity
with negligible accuracy degradation with respect to the brute-
force method.
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A. Massive MIMO Channel

Without loss of generality, we consider a propagation chan-
nel whose Tx and Rx are equipped with a P -element array and
a single antenna, respectively, in this paper. Assume there are
Lp multipaths transmitted by the pth Tx element at frequency
f . For the lth given path (l ∈ [1, Lp]), the propagation
parameters are denoted as the complex amplitude αpl , delay
τpl , azimuth and elevation angles of departure (AoD and EoD:
φpl and θpl ), and distance dpl between the element and the first-
lap spherical scattering source [25]. The Channel Frequency
Response (CFR) at the pth element is the superposition of Lp
multipath responses,

Hp (f) =

Lp∑
l=1

αl
p exp (−j2πfτlp). (1)

In small radio systems, the FF plane-wave propagation
channel is generally assumed. In this case, all paths are
assumed to impinge on the array with the plane wavefront.
Specifically, each path propagates with the same power and an-
gle over all array elements, and the delay/phase is determined
by the direction of the path and array geometry. As the array
size increases, the distance of Tx-Rx can be smaller than the
Fraunhofer distance, introducing NF effects. One of the simple
NF scenarios is the NF stationary case, where multipaths
are assumed to propagate on the array with the NF spher-
ical/astigmatic wavefront in the stationary mode. Each path
has the wavefront-related different power, angle, and delay
across array elements. Another more challenging NF scenario
is the NF SnS case. As mentioned, the NF and SnS properties
have been observed in massive MIMO channel measurements.
Essentially, paths are assumed to propagate with the NF
spherical/astigmatic wavefront, and some paths may be only
visible to some of the array elements. This is mainly due to the
fact that objects with limited physical sizes might not serve as
complete scatterers for path propagation on such a large array.
In the NF SnS massive MIMO channel, specifically, the path
parameters {αlp, τlp, φlp, θlp, dpl , Lp} vary with element p,
i.e., {τlp, φlp, θlp, dpl } and {αlp, Lp} varying across p caused
by the NF and SnS effects, respectively. For the realization of
the massive MIMO channel, three RT methods are introduced
below. Fig. 1 illustrates their basic principles.

B. State-of-the-art: Plane-wave Extension

In this method, the RT channel for a single Tx element
and Rx pair is first simulated, and then the channels for
other antenna pairs can be obtained using the plane-wave
extension [22]. Fig. 1(a) illustrates the plane-wave extension
method, where the channel between one Tx element (as the
reference) and the Rx is first simulated by RT and then directly
extended for the whole array in the form of plane waves.
Mathematically, the CFR at the pth element in the extension
is calculated according to (1) with the parameters as,

αl
p = αl

τl
p = τl +

−→
vp · −→ϕl/c

{φlp, θlp, dpl , L
p} = {φl, θl, dfr, L}

, (2)

Rx

Tx array
.. ..

obstacle

(a)

Rx

Tx array
.. ..

obstacle

(b)

Rx

Tx array
.. ..

obstacle

(c)

Fig. 1. Three methods used in RT simulations for massive MIMO channel
realization, including (a) the plane-wave extension method, (b) the brute-
force method, and (c) the coarse-refinement method. Red elements in the
Tx array indicate target elements for RT simulation, while black elements
indicate elements where extension is used to get the channel response. In (c),
elements are divided into groups and RT calculations are performed for group
ends only.

where {αl, τl, φl, θl, L} are the parameters of the lth path
obtained in the RT simulation for the reference point. dfr
denotes the Fraunhofer distance.

−→
vp represents the pth ele-

ment’s position vector, positing from the reference point to
the pth element. −→ϕl is the lth path’s direction vector, i.e.,
−→ϕl = [sin θl cosφl sin θl sinφl cos θl]. c is the light speed.

However, as mentioned before, the plane-wave extension
method is only applicable to small-scale multi-antenna systems
under the FF assumption. It becomes problematic for simula-
tions of the massive MIMO channel with the NF and SnS
properties. For instance, in Fig. 1(a), the LoS path is directly
extended with the same impinging angles and visible for the
whole array in the plane-wave extension method. However,
in actual propagation, the path angle significantly varies for
different elements for such a large array, and the presence of
the obstacle would block the path for part of the array. This
phenomenon results in changes in path angles, delays, power
values, and path numbers between elements. To sum up, the
plane-wave extension method would fail to accurately simulate
the massive MIMO channel due to the presence of the NF and
SnS properties.

C. Brute-force Method

To accurately model the NF SnS massive MIMO channel,
a straightforward method is to generate the path responses on
each element, i.e., via applying the brute-force strategy. Fig.
1(b) illustrates its principle, which simulates the RT channel
for each array element separately. By taking different element
locations and practical environment into consideration, the
brute-force method can realistically characterize the NF and
SnS properties of the massive MIMO channel. Note that RT
simulation for massive MIMO systems using the brute-force
method, though simple and straightforward, has not been
adequately reported in the literature to model the NF and
SnS effects of the radio channel, especially with numerical
analysis and experimental validation. Besides, the brute-force
strategy can be also viewed as the reference for the following
efficient RT simulation method to analyze modeling accuracy
and complexity.
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Fig. 2. Illustration of the coarse RT simulation process on a group for
stationary and non-stationary paths, including (a) path generation for coarsely
spaced elements (i.e. both ends) and (b) path construction for visible elements.

Though capturing the massive MIMO channel well, the
brute-force method suffers from the high computation cost
since RT channel simulation has to be repeated for all massive
MIMO elements. A strategy to reduce the computation com-
plexity with almost the same simulation accuracy compared
to the brute-force method is proposed in the following.

D. Proposed Coarse-refinement Method

As discussed, there are two issues to be addressed in real-
istic massive MIMO channel realization: 1) the large physical
size of the array results in the channel SnS property, i.e.,
the existence of non-stationary multipaths across the array; 2)
the large electrical size (i.e. with respect to the wavelength)
leads to a significant approximation error in the plane-wave
extension, i.e. the NF issue. More accurate extension methods
(e.g. the spherical-wave or astigmatic-wave methods) are re-
quired to characterize the channel. To accurately capture mas-
sive MIMO channels in a low complexity manner, a coarse-
refinement method based on extension of coarsely simulated
RT channels is proposed. Fig. 1(c) illustrates the proposed
coarse-refinement method.

1) Coarse RT Simulation: the entire array is physically di-
vided into several groups, and RT simulation is only performed
for array elements located on both ends of the sub-arrays (or
the corners for 3D arrays, see Fig. 3). Then, objects in the
environment (walls, edges, etc.) are numbered and a ray is
identified as the same ray over different receiving end elements
through the unique list of objects it interacts with along its
path. Based on the results, multipaths can be divided into two
categories, stationary and non-stationary in the group element
axis, and elements visible for each path are determined:
• Stationary multipaths, i.e. paths that are present at all

end/corner points in RT simulations, would be directly
reconstructed for all of the other elements within the
group. All group elements are ”visible” for the paths.

• For non-stationary multipaths, which are not present on
all end/corner points of the group, the judgment for their
presence on each element would be conducted individu-
ally. Visible elements for the paths would be determined
in the judgment process.

Note that the additional judgment process to determine the
multipath SnS property would not significantly affect the

Tx element

group

VRx

Spherical

wave 

Rx

Reflection 

surface

End/Corner element

(a)

Diffraction

edge

Astigmatic

wave 

End/Corner element

Tx element

group

VRx

(b)

Fig. 3. Illustration of the refinement process on a group for cases of (a) LoS
transmission or reflection, and (b) diffraction.

computation complexity due to two reasons: i) There exist SnS
phenomena only in few groups among the whole array, while
the same multipaths will be visible across most groups due to
the spatial stationary condition in small-aperture group arrays;
ii) For those few groups experiencing the SnS phenomena,
only few multipaths will experience it, while most paths will
be stationary. Fig. 2 exemplifies the coarse simulation process.
As shown, the two multipaths that are visible from both ends
are directly extended to the other elements in the group, while
the LoS path is determined individually for each element due
to the presence of the obstacle.

2) Refinement Process: channel path responses for those
visible elements within the group can be generated by exten-
sion of the simulated channel on group ends/corners. The path
parameters (delay, angle, and complex amplitude) are calcu-
lated based on the extension of parameter values generated on
the group corner according to different propagation mecha-
nisms. Fig. 3 illustrates the refinement process. In fact, due to
the image-propagation mechanism [36], paths undergoing LoS
transmission or reflections will correspond to spherical waves
whose center is the Rx or Rx image (i.e., virtual Rx (VRx)).
Differently, since diffraction changes the shape of the wave, a
path undergoing one or more diffractions will be captured as
astigmatic-wave propagation [35]. The last segment of each
ray leaving the edge belongs to the Keller’s cone [35], i.e. the
cone forming the same angle β0 with the edge as the incident
ray segment (as shown in Fig. 3 (b)). Based on those geometry
knowledge and the RT-simulated parameters of the end/corner
element, the path interpolation for the group elements can be
realized.

• The refinement of the LOS path or paths undergoing only
reflections is illustrated in Fig. 3(a), where parameters are
interpolated according to the spherical-wave propagation
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[37], as
αl
p = αl

e · dl
e

dl
p

τl
p = τl

e + (dl
p − dle) /c

{φlp, θlp, dlp} = cart2sph
(−→
dl
e −
−→
vp
) , (3)

where cart2sph(·) represents the operation that converts
a vector from Cartesian to spherical coordinates,

−→
dl
e is

the vector pointing from the end element to the spherical
source as

−→
del = del · [sin θel cosφel sin θel sinφ

e
l cos θel ],

and
−→
vp denotes the pth position vector with reference

to the group end. Note that {αle, τle, φle, θle, del } are
the path parameters obtained from the RT simulation at
the group corner element, and the spherical source to
calculate del in this case, i.e., LoS transmission or reflec-
tion, is defined as the Rx point or VRx (correspondingly,
del = c · τle).

• The refinement of the path undergoing diffraction
bounces is illustrated in Fig. 3(b), where path parameters
are interpolated based on the astigmatic-wave propagation
according to the UTD theory [35]. Note that here we
only consider the case of one single diffraction at the
end of the propagation chain or at its beginning (which
is the same due to channel reciprocity), since mmWave
communication mainly relies on dominant multipaths for
data transmission, while multiple-diffracted paths are not
very relevant, especially at mmWave frequencies. Math-
ematically, parameters are calculated as (see APPENDIX
for the derivation)

αl
p = αl

e ·
D
(−→
d′l
p
,
−→
dl
p
)

D
(−→
d′l
e
,
−→
dl
e
)√ dl

ed′l
e (d′l

e + dl
e)

dl
pd′l

p (d′l
p + dl

p)

τl
p = τl

e +
(
dl
p + d′l

p − dle − d′l
e)
/c

{φlp, θlp, dlp} = cart2sph
(−→
dl
e +
−→
d′l
e −
−→
vp −

−→
d′l
p
) ,
(4)

where D (·, ·) denotes the diffraction coefficient related to
the incidence and exit vectors representing the propaga-
tion loss during the diffraction.

−→
d′l
p and

−→
d′l
e are incidence

vectors of the diffraction for the pth and end elements,
respectively, pointing from the diffraction points to the
VRx.

−→
dl
p and

−→
dl
e are the exit vectors pointing from the

elements to the diffraction points in this case. Note that
geometry information related to the diffraction, i.e., the
position of the edge and VRx in Fig. 3(b), is required
for the extension calculation (specifically, to calculate

−→
dl
p

and
−→
d′l
p), which can be obtained from the RT simulation

results at the corner elements.
Note that the proposed framework is generic to arbitrary

array geometries, e.g., uniform linear array (ULA), UCA,
uniform planar array (UPA), etc., and we provide a general
grouping method below. The principle behind the coarse-
refinement method is the spatial stationarity region assumption
where most paths can be treated as stationary [38]–[40],
according to which we can divide the array into groups

Diagonal length: 

stationarity 

distance

UCA array

Fig. 4. An example of applying the general grouping method to a UCA. The
blue squares denote the groups after division.

and extend path responses for group elements to reduce the
complexity. The spatial stationarity region is determined by the
environment and has no relationship with the array geometry
[38]. Usually, a distance with reference to wavelength is
used to characterize the spatial stationarity region, e.g., 10
wavelengths for indoor scenarios used in [41]. Hence, for an
arbitrary array, the framework can be implemented by using
the line/square/cube segment with the size set according to
the assumed stationarity region to divide the 1D/2D/3D array.
We first set the group size, fully divide the space, and then
constitute the element groups. The group size denotes the
maximal distance of a segment, i.e., the length/diagonal of
a line/square or cube segment. Fig. 4 illustrates the general
grouping method applied to a 2D UCA as an example (which
is the case in the validation).

The group physical size for dividing the array is the core
parameter to be set in the coarse-refinement method, which
determines the method complexity and accuracy. On the
one hand, the small physical size would reduce acceleration
efficiency. Specifically, with only one element in the group,
the method would degrade to the brute-force strategy. On the
other hand, a large group size including many array elements
might reduce the modeling accuracy due to the omission of
paths with birth/death behavior (i.e., multipaths that are only
visible for elements in the middle of the group but not the
ends/corners would be missed, or inversely). According to the
spatial stationarity region assumption, it is recommended to
set the group size as the stationarity region distance. Such a
small size can avoid the loss of accuracy while accelerating
the modeling efficiently due to the compact array distribution
at mmWave bands. In the following validation, we first use the
provided general grouping method with the group size set as
0.131 m/15 wavelengths to implement the framework, and then
the impact of different group sizes on accuracy and complexity
is also discussed. Regarding different grouping methods, there
is no significant difference in performance for a given group
size. The simulation accuracy is determined by how well the
introduced spherical/astigmatic-wave interpolation and non-
stationary judgment can capture the wave propagation within
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the group region, which is not related to how elements are
distributed in the region (i.e., different grouping methods).

The proposed method provides unique advantages in terms
of accuracy and complexity compared to existing methods.
The coarse-refinement structure can approximate the reference
brute-force method with significantly reduced complexity,
by relying on a few RT simulations only on a subset of
selected array elements. Meanwhile, the spherical/astigmatic-
wave interpolation and non-stationary judgment process are
integrated into the coarse-refinement structure. It avoids the
loss of accuracy by realistically capturing the near-field propa-
gation and spatial non-stationarity. In fact, in the interpolation
procedure, the default method is to linearly interpolate path
parameters based on those generated at group ends. However,
the simple linear interpolation method neglects the effects of
the path geometry, array distribution, and non-stationarity of
groups, which would suffer from accuracy degradation. An-
other default operation in the interpolation is to ignore the non-
stationarity, i.e., treating the channel as near-field stationary
channel. However, it would introduce a significant loss in accu-
racy for non-stationary channel realization. Those observations
demonstrate the necessity of the spherical/astigmatic-wave
interpolation process and the non-stationary judgment process,
which carefully reconstruct the channel based on the wave
propagation theory and non-stationary consideration. Note that
although the principle behind the processes is complicated,
their implementations would not increase much computational
complexity with respect to the RT simulation. In summary,
the proposed method can realize the accurate massive MIMO
channel simulation with a very low complexity.

III. MEASUREMENT AND RT SIMULATION CAMPAIGNS

To validate the performance of the proposed methods for
NF SnS channel realization, massive MIMO channel measure-
ments and corresponding RT simulations using the three meth-
ods are performed. This section describes the measurement
campaigns and RT simulation settings, and the next section
presents the validation results. It is worth noting that the
recently conducted measurement campaign was introduced in
our previous work [34] for validating the developed statistical
channel modeling framework. In this work, the same measure-
ment database is used to validate the accurate and efficient
deterministic RT simulation.

A. Measurement Campaign

Fig. 5 illustrates an indoor massive MIMO channel measure-
ment campaign. The environment information, including the
positions, dimensions, and materials of objects in the room,
is illustrated in Fig. 5(a). As shown, a virtual UCA with a
radius of 0.5 m and 720 elements is employed as the Tx
and a single antenna is used as the Rx. Note that the UCA
is realized by the virtual array scheme [42], where a single
antenna is placed off-center on a turntable and then rotated
to form the array. Note that the UCA radius is selected for
experimental validation according to the upper capability of
the measurement system. The achievable radius is constrained
to [0, 0.5 m] due to the limitation of the turntable. To mimic
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Fig. 5. Illustration of the measurement campaign, including (a) a sketch of
the measurement room [34], and photos taken in the (b) LoS, (c) OLoS1, and
(d) OLoS2 scenarios.
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Fig. 6. The RT simulation campaign, where the three methods are performed
separately in the three scenarios (i.e., LoS, OLoS1, and OLoS2).

the massive MIMO channel, the array aperture should be
set as large as possible. Besides, later measurements show
that this radius setting is sufficient to capture massive MIMO
channel properties. The distance between two adjacent virtual
elements in the UCA is 0.0044 m. The adjacent interval is
set smaller than half a wavelength to avoid spatial aliasing
in signal processing. Two biconical antennas [43] [44] with
vertical polarization are used for the Tx and Rx respectively.
A Vector Network Analyzer (VNA) based channel sounder
[45] is utilized in the measurements. The measured frequency
is from 26.5 GHz to 32.5 GHz, where 1800 frequency points
are swept by the VNA. To clearly observe the SnS phenomena,
three scenarios, including one LoS and two OLoS scenarios,
are designed in the measurements. In the LoS scenario, no
metallic board is used. In the OLoS1 scenario, a metallic board
with a length of 0.57 m is used to partially block the LoS path
for the Tx array, while in the OLoS2 scenario, a 1 m-length
metallic board is placed to completely block the LoS path for
the array.

B. RT Simulations

A commercial RT software, Wireless InSite [46], which has
been widely used and validated in mmWave channel research
(e.g., [47]), is used in the RT simulations. As shown in Fig.
6, an indoor room with the same dimensions and objects
as the real-world one is built in the simulations. Note that
some objects are reconstructed with slight adjustments for
simplification of the database. For example, the elevator and
heating radiators that have irregular surfaces in the real world
are simplified as cuboids in the simulations. Simulation config-
urations, including the scenarios with different boards, the Tx
and Rx height, the employed array, antennas, and measured
frequency, are the same as those in the measurements. The
electromagnetic parameters of materials are set according to
the International Telecommunication Union (ITU) recommen-
dation [48] at 28 GHz. The path generation in RT is under the
setting of 4 reflections, 1 diffraction, and 1 penetration, due to
the trade-off consideration between computational complexity
and modeling accuracy.

Three methods are performed in the RT simulations for
each of the three scenarios (i.e., LoS, OLoS1, and OLoS2). In
the plane-wave extension implementation, only one element as

TABLE I
CONFIGURATIONS IN MEASUREMENTS & RT SIMULATIONS

Parameters Value
Common

Scenarios LoS, OLoS1, OLoS2
Frequency range 26.5-32.5 GHz
Frequency points 1800
Tx and Rx height 1.25 m
Radius of virtual UCA 0.5 m
Number of array elements 720

Measurements
System VNA-based sounder [45]
Antenna type Biconical [43] [44]
Antenna polarization Vertical

RT simulations
System Wireless InSite [46]
Antenna type Biconical
Antenna polarization Vertical
Material database ITU Rec. [48]
Calculation limitation 4 ref., 1 dif., 1 pen.+

Group physical size* 0.131 m/15λ
+ ref.:reflection, dif.:diffraction, pen.:penetration
* Parameters for dividing the array into groups in the coarse-

refinement method.

the reference is taken into RT calculation, and then CFRs of
the entire array are generated according to (1) and (2) under
the FF assumption. In the brute-force implementation, the RT
calculation is repeated for each of the 720 elements to obtain
the RT channels for the massive MIMO array. In the coarse-
refinement implementation, the physical group size is set as
0.131 m to divide the massive MIMO array according to the
recommendation as mentioned in Section II-D (other settings
of the group size will be also discussed in Section IV-C).
Consequently, 44 groups with common ends are divided from
the array via the general grouping method. Then, 44 coarsely
spaced elements (i.e., both ends of each group) are taken into
the RT simulation for path generation. The refinement process
for other elements based on extension of those generated paths
is then performed. Finally, CFRs of all elements are generated.

As a summary, configurations in both the measurement and
RT simulation campaigns are presented in Table I. In the
following, results obtained in those campaigns are presented
and compared for performance validation.

IV. VALIDATION RESULTS

This section presents results from massive MIMO channel
measurements and RT simulations in the three scenarios.
For each scenario, measured Channel Impulse Responses
(CIRs, obtained by the Inverse Discrete Fourier Transforma-
tion (IDFT) of CFRs) and simulated CIRs from RT using
the three methods (i.e., plane-wave extension, brute-force,
and coarse-refinement) are compared. The performance of the
three methods is evaluated in terms of modeling accuracy and
complexity based on the result similarity and the simulation
time, respectively. In addition, the impact of the group physical
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(a) (b)

(c) (d)

Fig. 7. CIRs across elements in the OLoS1 scenario. (a) denotes the measurement result, and (b)-(d) denote the RT simulation results with the plane-wave
extension method, the brute-force method, and the coarse-refinement method, respectively. In (a), (c), and (d), two multipaths are detected with the SnS
phenomena, specially marked as the blocked LoS path and power-change path. The white dashed lines in the figures confine the trajectory ranges of the two
paths, where the maximum values within the ranges are calculated as the path power distributed on elements (as illustrated in Fig. 8).

100 200 300 400 500 600 700

Virtual array index

-105

-100

-95

-90

-85

-80

P
o

w
e

r 
[d

B
]

OLoS1:Blocked LoS path

Mesurement

Plane-wave

Brute-force

Coarse-refinement

LoS path
diffracted paths

by the board  

(a)

100 200 300 400 500 600 700

Virtual array index

-105

-100

-95

-90

-85

-80

P
o

w
e

r 
[d

B
]

OLoS1:Power-change path

Mesurement

Plane-wave

Brute-force

Coarse-refinement
power change

(b)

Fig. 8. Power distributed on elements of the two SnS paths, which is extracted
from Fig. 7 by selecting the maximum values within the white dashed lines.
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size is also investigated in the implementation of the coarse-
refinement methods.

A. OLoS1

Fig. 7 illustrates CIRs across elements obtained from the
measurement and simulations in the OLoS1 scenario. The
power dynamic range is set as 30 dB here, and also in
the following LoS and OLoS2 scenarios. In the CIRs across
elements, each ’s’-alike trajectory denotes a multipath im-
pinging to the UCA with different delays across elements.
Besides, the trajectory integrity over all elements, i.e., being
complete or partial, indicates the SnS property of the path.
In the measurement, i.e., Fig. 7(a), SnS phenomena can be
observed for a few multipaths. For instance, two multipaths,
marked as the blocked LoS path and power-change path in
the figure, are visible only for part of the array due to the
blockage or shadowing1. Besides, a significant power change
across the visible elements is observed for the power-change
path (see Fig. 8(b) for detailed values of the power change).
Those observations show the NF and SnS properties of massive
MIMO channels in actual measurements.

Fig. 7(b)-7(d) present RT-simulated CIRs across array el-
ements by the plane-wave extension, brute-force, and the
coarse-refinement method, respectively. In Fig. 7(b), all multi-
paths are generated with complete trajectories on the array
without blockage or shadowing. It shows the plane-wave
extension method fails to model the NF and SnS effects of
massive MIMO channels that are present in the measurement.
In Fig. 7(c), good agreement is observed by comparing with
the measured CIRs, especially for the dominant multipaths2.
Besides, the channel SnS property is reconstructed well in
the simulation, such as the LoS blockage and power change.
Those observations demonstrate the capability of the brute-
force method on NF SnS channel realization, although with
high computational complexity. As shown in Fig. 7(d), the
generated CIRs by the coarse-refinement method are almost
identical to that of the brute-force case, with the NF and SnS
properties realized as well.

Specially, we quantify the computational complexity and
accuracy of the three RT methods. In our case, a brute-force
simulation on 720 elements takes 649 minutes of computation
on the computer with 1 Intel Xeon E5-2640 CPU, 128 GB
RAM, and 4 GTX-1080Ti GPUs. On the contrary, only about
37 minutes are consumed by a coarse-refinement simulation. It
indicates about 16 times acceleration efficiency is achieved by
the coarse-refinement method, as around one-sixtieth of array
elements (i.e., from 720 to 44) is taken into the RT simulation.
In terms of accuracy, a similarity index (see (9) in [34] for
details) is introduced here for evaluation. With reference to the
brute-force result, the similarity of the plane-wave extension is

1The LoS path is only visible for elements with indexes from about 20
to 330. In Fig. 7(a), the trajectories that have same delays yet lower power
compared to the LoS path trajectory denote the diffracted paths by the board.

2It is worth mentioning that there are also some inconsistencies between
measured and simulated CIRs, such as dense multipaths with delays as around
40 ns. Reasons are the lack of diffuse simulations in the RT and object
simplification in the environment reconstruction as mentioned.

calculated as 43.4%, and that of the coarse-refinement method
is 99.6%.

Some numerical results are also presented to further as-
sess the method performance. Fig. 8 illustrates the power
distributed on elements of the two SnS paths, i.e., the blocked
LoS path and power-change path. The power values are
extracted from Fig. 7 (a)-(d) by selecting the maximum values
within the white dashed lines3. The results show that the plane-
wave extension method fails to capture the multipath SnS
phenomena. On the contrary, the power values from the brute-
force and coarse-refinement implementations agree well with
that from the measurement. Furthermore, Fig. 9 presents the
angle of departure (AoD) of the blocked LoS path in theory
and the three RT simulations. Note that the theoretical result
is calculated from the geometric location of the Tx, Rx, and
metallic board. As shown, the plane-wave extension method
generates the same angles for all elements. For the brute-
force and coarse-refinement methods, angles changing with
elements (to be exactly, element positions) are realized, which
is consistent with the theoretical result. It demonstrates the
characterization of the proposed method on the NF property.
Moreover, Fig. 10 illustrates the path phase responses in cases
of the LoS transmission, reflection, and diffraction, calculated
from the phase part of the path CFRs. A good match is
observed between the brute-force and coarse-refinement results
for all three cases. It demonstrates the correctness of the
extension principle of the proposed method. All of those
results validate that the proposed method can accurately realize
the NF SnS massive MIMO channel in an efficient manner.

We implement the default configurations, i.e., the linear in-
terpolation and ignoring non-stationarity (as mentioned in Sec-
tion II-D), to present a comparative analysis of the proposed
method. Fig. 11 shows the results of the linear interpolation
in the OLoS1 scenario. It is obvious to observe the recon-
struction errors with reference to the brute-force result. Three
examples are marked for illustration. Mark 1 shows the parallel
trajectories in the delay domain. It indicates that the linearly
interpolated delays cannot simulate the actual delays. Mark
2 shows the amplitude reconstruction error with a diffracted
path as an example. The mismatch comes from the fact that the
phase of a diffracted path would experience a 180-degree drop
(while the power is continuously distributed) on either side of
the reflection boundary [49]. The linear interpolation on such
two complex amplitudes would, however, lead to destructive
summation due to the flipped phases. It can be concluded
that linear interpolation fails to capture wave propagation in
the near-field region. Mark 3 shows the disappearance of a
non-stationary path response in a group. Due to lack of the
path parameters at one end, one cannot generate the non-
stationary path response for the group by linear interpolation.
The simulation accuracy of the simple interpolation is cal-
culated as 89.4%. Fig. 12 shows the result of ignoring non-

3Note that multipaths are generated with the same power across elements in
the plane-wave extension implementation. The power variation of the blocked
LoS path in the plane-wave extension case in Fig. 8(a) is mainly caused by the
complex-valued superposition of the LoS path and the diffracted paths, and
that of the power-change path in the plane-wave extension in Fig. 8(b) case
comes from grid errors due to continuous multipath delays across elements
and discrete IDFT sampling points in the delay domain.
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(a)

(b)

Fig. 11. Implementation of the linear interpolation in the OLoS1 scenario.
(a) CIRs across elements generated by the linear interpolation, and (b) the
deviation of CIRs between the brute-force result (i.e., Fig. 7(c)) and the linear
interpolation result.

Fig. 12. Implementation of the configuration of ignoring SnS (i.e., under the
NF stationary assumption) in the OLoS1 scenario.

stationarity. All paths are generated with complete trajectories
via the near-field spherical/astigmatic-wave model. As marked
in the figure, a diffracted path is reconstructed with power
change on visible elements, which matches well with the
brute-force result. However, the non-stationarity over invisible
array elements is neglected, introducing a huge mismatch. The
simulation accuracy of the case of ignoring non-stationarity is
calculated to be 44.9%. Those results further demonstrate the
necessity of the spherical/astigmatic-wave interpolation and
non-stationary judgment process for accurate massive MIMO
channel reconstruction.

B. LoS and OLoS2

Fig. 13 and 14 illustrate measured and simulated CIRs
across elements in the LoS and OLoS2 scenarios, respectively.
By comparing the results with the measured CIRs, it can
be concluded that the plane-wave extension method fails to
capture the NF SnS massive MIMO channels. The realized

CIRs from the brute-force method match with the measured
one well, and the coarse-refinement method obtain almost the
same results as the brute-force one. Besides, multipaths that
are detected with the SnS property in the measurements are
reconstructed in the realized CIRs by the two methods. Partic-
ularly, two multipaths are marked in the OLoS2 measurement
results, i.e., Fig. 14(a), which are verified to be the first-order
reflected paths from the left wall and the elevator on the right
wall, respectively4. The left-wall path has complete responses
on the array since the left wall servers as a complete reflection
scatterer for the array, while the right-wall path is detected with
the partial trajectory since the elevator with limited sizes on the
right wall can not act as the complete scatterer for the array.
This SnS phenomenon is reconstructed well in the brute-force
and coarse-refinement implementations in the OLoS2 scenario,
i.e., Fig. 14(c) and 14(d).

With reference to the brute-force result, the plane-wave
extension method realizes the similarity of 65.5% and 49.1%,
while the coarse-refinement method achieves the similarity
of 99.8% and 99.5%, in the LoS and OLoS2 scenarios, re-
spectively. In terms of complexity, the brute-force simulations
for the LoS and OLoS2 scenarios takes about 645 and 623
minutes, respectively. In the coarse-refinement cases, however,
each simulation only takes about 38 minutes.

C. Analysis of Complexity and Accuracy

We analyze the complexity and accuracy of the proposed
coarse-refinement method with different group sizes in the
LoS, OLoS1, and OLoS2 scenarios. For each setting of the
group size, the method is implemented separately in the
three scenarios, and the accuracy and acceleration efficiency
are summarized in Fig. 15. The simulation accuracy denotes
the similarity index calculated with reference to the brute-
force result as mentioned before. The acceleration efficiency
is calculated as the ratio of the saved time by the coarse-
refinement simulation (compared to the brute-force method) to
the brute-force simulation. Note that the greater the accelera-
tion efficiency, the smaller the complexity will be (the sum of
the two values is 1). As the group size increases, the simulation
accuracy first stabilizes at around 100%, and then decreases
from the case of ’0.131/15’. Specifically, the accuracy values
with the group size as 0.131 m are 99.8%, 99.6%, and 99.5%
for the LoS, OLoS1, and OLoS2 scenarios, respectively. The
accuracy decrease is caused by the inaccurate approximation
of the interpolation and multipath omission (see Section II-D)
for such large-scale element groups. Specifically, Fig. 16
illustrates the generated CIRs by the coarse-refinement method
with the group size set as ‘0.5/60’ in the OLoS1 scenario. As
shown, due to the omission of paths with death/birth behavior
(as analyzed before), many mismatches with the brute-force
result (i.e., Fig. 7(c)) are observed and the modeling result
suffers from severe loss of accuracy. The accuracy is calculated
as 76.3% in this case. An example of the omission issue is

4The left-wall and right-wall paths are also present in the LoS and OLoS1
scenarios and are well captured in the corresponding brute-force and coarse-
refinement implementations. We take the two paths in the OLoS2 scenario as
an example since they suffer less overlapping interference from other paths
in the OLoS2 scenario than the other two scenarios.
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(a) (b)

(c) (d)

Fig. 13. CIRs across elements in the LoS scenario, obtained from (a) the measurement and RT simulations with (b) the plane-wave extension method, (c)
the brute-force method, and (d) the coarse-refinement method.

(a) (b)

(c) (d)

Fig. 14. CIRs across elements in the OLoS2 scenario, obtained from (a) the measurement and RT simulations with (b) the plane-wave extension method, (c)
the brute-force method, and (d) the coarse-refinement method.
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Fig. 16. CIRs obtained by the coarse-refinement method when the group size
is set to ‘0.5/60’ in the OLoS1 scenario. The mark in the figure exemplifies
the omission issue under this setting.

marked in the figure. Compared to the brute-force result, we
observe a path that exists in the brute-force result is ignored
in the modeling here. It is due to the fact that in such a large-
size group (i.e. ’0.5/60’), the path is only visible to middle
elements but not to the end/corner elements.

On the other hand, the acceleration efficiency increases
rapidly at first, and then slowly as the group size increases.
Specifically, the efficiency values in the case of ’0.131/15’ for
all three scenarios are around 94.3% (same as the 16 times
acceleration efficiency as mentioned before). It indicates the
modeling process can be effectively accelerated by setting a
small group size due to the compact deployment of mmWave
massive MIMO arrays, with almost the same modeling ac-
curacy guaranteed. Those results demonstrate the impact of
the group size selection and validate the recommendation on
setting the group size.

V. CONCLUSIONS

We aim to simulate RT channels for mmWave massive
MIMO systems in an accurate and computationally effi-
cient manner, focusing on capturing the NF and SnS effects
of massive MIMO channels. Two methods, brute-force and
novel coarse-refinement, are demonstrated and validated with
mmWave massive MIMO measurements. The state-of-the-art
method, i.e., plane-wave extension, fails to properly reproduce

NF and SnS effects due to the violation of the far field assump-
tion in most mmWave massive MIMO links. The brute-force
method is demonstrated for accurate channel simulation but
suffers from high complexity. The coarse-refinement method
is based on RT simulations of a few coarsely spaced array
elements to generate CIRs, and refines the other elements us-
ing the spherical/astigmatic-wave approximation and the UTD
theory. It shows lower complexity and almost the same simula-
tion accuracy compared to the brute-force method. Finally, RT
simulations are performed using the mentioned three methods
and corresponding massive MIMO channel measurements
are performed for validation. The NF and SnS phenomena,
including LoS blockage, power variation across elements, and
incomplete reflection from scatterers, are clearly observed in
the measurements. The plane-wave extension method cannot
reconstruct those phenomena as expected while the brute-force
implementation accurately realizes the NF SnS channels. The
coarse-refinement method achieves around 99.5% modeling
accuracy and 94.3% acceleration efficiency compared to the
brute-force method for all of three measurement scenarios (one
LoS and two OLoS). This work can be applied to efficient
deterministic channel modeling for massive MIMO and future
ultra-massive MIMO systems.

APPENDIX

Here we present the derivation of equation (4). A diffraction
case is illustrated in Fig. 3(b) where the lth path impinges from
the Tx element (the end element e or the group element p) to
the VRx. According to the UTD [35], the received electric
field ER

e (with ER
e = αl

ee−j2πfτl
e

) of the diffraction ray
impinging from the end element e to the VRx is calculated as,

ER
e = ET

e−jkdl
e

dl
e ·D

(−→
d′l
e
,
−→
dl
e
)√ dl

ed′l
e

d′l
e + dl

e ·
e−jkd

′
l
e

d′l
e , (5)

where k = 2π/λ is propagation constant, and ET is the
emitted electric field (Note that usually the emitted electric
fields for all Tx elements are normalized to be 1 to calculate
propagation channel gain). ET e

−jkdl
e

dle
denotes the field before

the diffraction, D
(−→
d′l
e
,
−→
dl
e
)√

dled′l
e

d′l
e+dle

denotes the propaga-

tion loss during the diffraction, and e−jkd′l
e

d′l
e represents the field

change after the diffraction. D
(−→
d′l
e
,
−→
dl
e
)

is the diffraction
coefficient, calculated according to (25) in [49]. Similarly, the
received electric field ERp (with ERp = αl

pe−j2πfτl
p

) of the
diffraction ray emitted from the Tx element p with parameters{
dl
p,
−→
dl
p, d′l

p
,
−→
d′l
p
}

(see Fig. 3(b)) is calculated as,

ER
p = ET

e−jkdl
p

dl
p ·D

(−→
d′l
p
,
−→
dl
p
)√ dl

pd′l
p

d′l
p + dl

p ·
e−jkd

′
l
p

d′l
p . (6)

The amplitude of ERp/ERe denotes the path amplitude
difference between the two elements, i.e. αlp/αle, and the
phase of ERp/ERe corresponds to the path delay difference,
i.e. −j2πf (τlp − τle). Hence, the first two terms of (4) can
be derived. Besides, the path parameters of the direction for
the group element p can be denoted as {φlp, θlp, dlp} =
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cart2sph
(−→
dl
e +
−→
d′l
e −−→vp −

−→
d′l
p
)

according to the geometry
information shown in Fig. 3(b). So far equation (4) is derived.
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