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Abstract—The complete multiple-input–multiple-output
(MIMO) channel simulation in deterministic techniques can
be a computationally intensive task, due to the inherent scenario’s
complexity and number of antennas. The spatial coherence among
MIMO elements is a reasonable assumption to approximate the
channel from a single point simulation. In this letter, a novel
method to incorporate a geometrical approximation of the MIMO
channel into a three-dimensional ray launching (3D-RL) algorithm
is presented. The method is antenna type independent and the
orientation of the array is embedded in the antenna representation.
Relevant information of the MIMO channel characteristics like the
root mean square (rms) delay spread, the maximum delay spread,
phase and channel capacity are obtained and compared with the
full 3D-RL simulation of the entire MIMO array, achieving 93.4%
reduction in computational time.

Index Terms—Channel response, Hesse normal form, multiple-
input–multiple-output (MIMO), ray launching.

I. INTRODUCTION

MULTIPLE antenna systems allow the use of spa-
tial/temporal diversity, which brings many advantages in

the wireless link, such as increased network capacity, diversity
gain, and reliability. There are multiple techniques for modeling
the communication channel in multiple-input–multiple-output
(MIMO) systems, with the main joint drawback of high compu-
tational capacities. An increase in the ability to generate more
precise and complex three-dimensional (3-D) environments with
new path estimation techniques, has led to deterministic tech-
niques such as ray tracing/ray launching (RT/RL) methods to
gain popularity in recent years. These techniques are based
on high-frequency approximations of electromagnetic wave
propagation using geometric optics and the uniform theory of
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diffraction (UTD). RT/RL methods are site-specific and require
detailed information of the considered scenario, as well as all
the electromagnetic material properties at the system operating
frequency. The simulation computational cost in these methods
can escalate very quickly if a MIMO system is implemented
in the transducers, as simulations must be performed for each
MIMO antenna element, thus increasing an already complex
modeling algorithm [1].

One approach to solve this problem of multiantenna sim-
ulations is the use of virtual point approximations [2]. This
method takes advantage of the reasonable spatial coherence that
exists between the array elements since the spacing between the
elements is relatively small and typically on the order of half
to a few wavelengths. This is especially true for high frequency
communications such as mmWave frequencies. Thus, it can be
assumed that multipath components and their consequent power
contributions are identical in all the elements, only changing
the phase of each contribution referenced to the spatial dis-
placement with respect to a simulated virtual single point. The
advantages of this method are evident in a RT/RL simulation,
as the complex multiantenna simulations can be reduced to a
single-input–single-output (SISO) simulation between virtual
points, and the obtained information can be extrapolated to the
rest of the array elements. This method is independent of the
array size so multiple types of arrays can be used with just one
simulation.

A. Related Works

In [2], the comparison of a virtual point approximation method
against a full point-to-point simulation called brute force is
performed at 1.92 GHz frequency, showing that the virtual point
approximation method for uniform arrays produces a negligible
error in most conditions and contributes to a considerable reduc-
tion in simulation time. In [3], the capacity of the MIMO commu-
nication channel is evaluated using the RT technique at 2.5 GHz
center frequency. The virtual point approximation method is
used and numerical estimations for a uniform linear array (ULA)
and a circular antenna array are presented. Moreover, other
works present the use of geometrical approximations to estimate
the phase changes for specific MIMO antenna types, such as
uniform arrays [4], [5], or uniform concentric circular array [6].
Systems at mmWave and THz frequency bands can benefit from
this virtual point approximation method, as the dimensions of
the arrays at these frequencies are more conservative with the
assumption of spatial coherence [7]. In reference [8], an analysis
of the system capacity impact of this virtual point approximation
method is presented, concluding that the use of massive MIMO
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Fig. 1. (a) Self-contained coordinate system implemented at an antenna array
element in the 3D-RL algorithm. (b)–(d) Different antenna array configurations.

systems and large arrays can increase the approximation errors
in a virtual point method. Thus, further studies are needed,
especially in their use for millimeter band frequency systems.

B. Our Contributions

The aim of this study is encouraged by the need to provide and
validate an accurate general antenna type method, to estimate a
MIMO channel response using the virtual point approximation
at mmWave frequency bands. In this regard, for the author’s
knowledge, there are not many studies at mmWave frequen-
cies under non-stationarity conditions, and most of them use
a specific type of antenna configuration to accommodate the
setup calculation. Therefore, with the aim to fill this gap, this
letter presents a novel methodology implemented in an in-house
three-dimensional ray launching (3D-RL) simulator for the ac-
quisition of the MIMO channel response, considering antenna
type independence, with embedded orientation antenna setup,
coupled with the nonstationarity simulation of the software as
an Addon. Finally, the validation of the proposed methodology
is provided, by comparing MIMO channel characteristics with
the full 3D-RL simulation of the entire MIMO array.

II. MIMO CHANNEL METHODOLOGY

As stated before, the main disadvantage of a brute force
RT/RL simulation comes from the high computational cost of
tracking every ray and consequently propagation phenomena
that may be present for every antenna array element. With the
assumption of a plane wavefront and exploiting the spatial
coherence between array elements, the difference in phase
for all antenna elements can be approximated using the
ray angle-of-arrival/angle-of-departure, the relative antenna
steering orientation, and the array elements relative distances.
These calculations can be adjusted for any kind of MIMO array
[1], [3], but can hold an inherent complexity when implementing
into a 3D-RL algorithm for all antenna configuration, shape,
or 3D steering orientation angle of the antenna array. To solve
this problem, a Hesse normal form representation of the planar
wavefront is used in order to easily estimate the point-plane
distance for every array element in a 3D representation. For
this purpose, an independent self-contained coordinate system
is implemented with the origin set at an antenna element of the
array, as it is represented in Fig. 1(a). From this centered element,
all information can be extrapolated using the point-to-point
simulation result from the 3D-RL algorithm.

Equation (1) represent the Hesse normal form for a plane
crossing the origin, the coordinate indexes are contained in
p = [x, y, z]Tand n̂

t\r
i is the unit normal vector to the planar

wavefront for the ith path. The top indexes represent the trans-
mitted (t) or received (r) path.

n̂
t\r
i · p = 0 (1)

where

n̂
t\r
i =

⎡
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− sin θ

t\r
i cosϕ

t\r
i

− sin θ
t\r
i sinϕ

t\r
i

− cos θ
t\r
i

⎤
⎥⎦ . (2)

The normal vector n̂i is a unitary representation of the ar-
rival/departure ray (Rt\r

i ) as seen in Fig. 1(a), using the negative
vector depiction in order to project the normal vector in the
opposite side of the plane. Thus, the signed point-plane distance
D

t\r
im to a point pm = [xm, ym, zm]Tcan be found as

D
t\r
im = n̂

t\r
i · pm (3)

where m is the antenna element index. Consequently, with all
the elements in the antenna array correctly defined within this
reference frame, the planar wavefront to point antenna element
distance/phase can be easily calculated. Considering this ap-
proach, all antenna configurations or shapes can be represented,
and steering angles can be set if the self-reference coordinate
is aligned to the one of the 3D-RL simulation. Fig. 1(b)–(d)
presents different possible example configurations that can be
implemented, like ULA (1b), cylindrical (1c), or tilted planar
array (1d), among others. Full phase characteristics can be
approximated for all antenna elements within the MIMO array.
To this end, the narrowband full MIMO channel matrix H is
given by

H =
∑
i

aier (i) et(i)
T (4)

where

ai = αi
√
ntnrexp (−j2πγi) (5)
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wherent andnr are the number of antennas at the transmitter and
receiver array respectively, αi and γi are the complex gain am-
plitude and the phase information for the ith path, respectively,
between the SISO transmit virtual point and receiver virtual
point 3D-RL simulation. Also, er(i) and et(i) are known as
the unit spatial signature in the propagation direction of path i,
for receiver and transmitter, respectively. It can be found that
if the coordinate system for the MIMO array representation is
normalized to the wavelength λc of the carrier, the phase shifts
in the spatial signatures are captured by the relative distance
D

t\r
im , where m is the antenna element index from 1 to nt\r−1,

and each element is associated to its relative point position pm
from (3). Although the virtual point can be located anywhere in
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Fig. 2. MIMO channel post-processing flow diagram.

Fig. 3. 3D-RL test scenario.

the 3D MIMO representation, in this letter, we use a centered
antenna element from the array. Thus, the point-plane distance
for this element is 0, and the first component in the vectors er(i)
and et(i) becomes 1.

III. 3D-RL IMPLEMENTATION

An in-house 3D-RL MATLAB-based algorithm has been used
for the implementation of the proposed method. The algorithm
considers all the electromagnetic phenomena in the environ-
ment, as well as material properties for all the obstacles at the op-
erating simulation frequency [9], [10]. The method to determine
the MIMO channel matrix from SISO simulations is performed
as a post-processing stage and it has been integrated as an Addon
feature. The 3D-RL algorithm is also designed to assess mobility
scenarios uninterruptedly, so the information pertaining to each
temporal state of the MIMO array is introduced in each state of
the temporal characteristics of the simulation. At this point, the
only information needed is the array layout within the temporal
window that is going to be simulated. This information is fed
to the software through two matrixes, nt × 3 and nr × 3, where
each row is an antenna index starting from the origin ([0, 0, 0]),
up to the last antenna element in the array. As the coordinate
system is parallel to the one in the 3D-RL software, relative
tilted information of the array can be aggregated using a tilted
representation in the self-contained coordinate system of the
array. Fig. 2 shows a flow chart of the 3D-RL simulation and the
added MIMO channel estimation feature.

In order to assess and validate the method, an indoor test
scenario has been implemented in the 3D-RL algorithm. The sce-
nario is a typical classroom where two different types of antenna
array structures have been considered for validation purposes in
both transceivers: a 4-element ULA and a 16-element uniform
planar array (UPA). The carrier frequency is 28 GHz, while the
transmitter is located near the classroom ceiling and the receiver
is located at 1.6 m above the ground, emulating a student sitting
at the end of the classroom. Fig. 3 shows the layout of the stage,

Fig. 4. Channel impulse response comparison for the approximation method
and complete 3D-RL simulation method: between TX11 y RX0 in 16-UPA-
MIMO (up); between TX3 and RX0 in 4-ULA-MIMO (down).

as well as the locations of the different considered radiating
elements.

The element spacing in the ULA antenna is (1/2)λc. Thus,
given a λc normalization and assigning Δt\r = 1/2 as the nor-
malized space between elements, it can be found that for an ULA
antenna in position like Fig. 1(b), (3) is reduced to

D
t\r
im = m∗Δt\r ∗ (− sin θ

t\r
i cosϕ

t\r
i ) (8)

where 1 ≤ m ≤ nt\r − 1 is the antenna element index. This re-
sult coincides with the typical ULA geometrical approximation
that can be found in the literature [8].

IV. RESULTS AND DISCUSSIONS

In order to establish evaluative comparisons of the method,
the 3D-RL complete MIMO channel simulation is performed for
all the array elements in both cases, and it has been compared
with the approximation method, where one element per array is
needed (SISO simulation). The actual complex channel response
is considered for comparison, with the channel response am-
plitude, phase, and capacity. Fig. 4 shows the channel response
amplitude profile between two individual MIMO array elements
for both analyzed cases.

The representation of the magnitude is adequately captured by
the approximation method, describing it with relative similarity
characteristic elements, such as the root mean square delay
spread (Rms-DS) and the maximum excess delay. A cross-
correlation measure can be calculated by means of the following
equation, given a resampling of the signals with a multipath time
resolution of Δτ = 0.5 ns bin:

ρ
(
happ
t,r , hfull

t,r

)

=

∑M
s=1

(
happ
t,r (s ∗Δτ ) ∗ hfull

t,r (s ∗Δτ )
)

max
{∑M

s=1

(
happ
t,r (s ∗Δτ )

2
)
,
∑M

s=1

(
hfull
t,r (s ∗Δτ )

2
)}

(9)

where ρ(happ
t,r , hfull

t,r ) is the correlation coefficient, happ
t,r and

hfull
t,r are the channel response profiles of the approximation

and the full 3D-RL simulation respectively, 0 ≤ t ≤ 3/15 and
0 ≤ r ≤ 3/15 are the elements indexes (transmitter and receiver
respectively), and M is the maximum excess delay between
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TABLE I
CHANNEL RESPONSE AMPLITUDE PREDICTIONS PERFORMANCE COMPARISON

Fig. 5. Phase RAE in the approximation method: (a) 4-ULA and (b) 16-UPA.

the delay profiles in number of bins. Table I summarizes these
characteristics for 4 SISO channel responses.

The displayed error in the magnitude of individual paths is
related to the changes in the path attenuation from one element to
another, although typically these attenuations change slowly on
the scales of distances in an mmWave frequency array. Overall,
the mean correlation across all individual channels is 0.78 for
the 4-ULA antenna and 0.41 for the 16-UPA. As the virtual
simulated point is mutual in both cases, the mean correlation
is lower in the 16-UPA case due to the corresponding further
distances of the different array elements. On the other hand, the
phases of these paths change drastically in distances of fractions
of wavelength, being an influential factor in the constructive or
destructive association of the different paths. The assumptions
of a flat wavefront, and the reuse of the arriving/departing
paths in the SISO simulation towards the rest of the elements
is the force driving the errors in the estimation. Fig. 5 shows
the relative absolute error (RAE) between the phases of the
multipaths described by the approximation method and the
complete 3D-RL simulation for both antenna array structures.

From the figures, the high volume of phase RAE clusters near
the lower measure of error in both cases. Thus, most of the
paths are accurately phase estimated or with low error, where
the mean obtained error is 38.4 degrees for the 4-ULA antenna
and 21.6 degrees for the 16-UPA antenna. Another measure of
similarity is the estimation of the cross-correlation using (9),
deriving a mean correlation of 0.77 and 0.48, for the 4-ULA and
16-UPA, respectively.

Next, the system capacity has been analyzed and compared
for both array structures. The system capacity is determined
with channel state information at the receiver (CSIR). Therefore,
the data is transmitted independently in each of the transmit-
ting antennas and the transmission power is equally distributed
among the elements, applying an effective power of P/nt on
each transmission element. In this configuration the resulting

Fig. 6. MIMO channel capacity (full 3D-RL simulation versus approximation
method): (a) 4-ULA and (b) 16-UPA.

capacity is [11]

C = log

(
Inr

+
SNR

nt
HnH

∗
n

)
(10)

where Hn is the normalized channel response matrix and is
determined as ‖H‖2F = nr ∗ nt, I(nr) is the nr identity matrix
and SNR is the Signal-to-Noise ratio at the receiver. Fig. 6
shows the capacity of the MIMO system considering different
SNR, for both analyzed cases.

As observed in Fig. 6, the capacity estimation for the MIMO
approximation is lower than the full MIMO 3D-RL simulated
channel in both cases. This is related to the planar wavefront
assumption and the different multipath contributions approxi-
mated along all antenna elements using the aforementioned pos-
tulation. This inference is more precise at higher frequencies and
compact MIMO systems, given that they have a more reduced
total effective antenna area than lower frequencies systems and
spatial coherence is higher. Even so, dramatic phase changes
occur in proportionally lower distances, and miss calculations
in capacity estimations are bound to take place. The difference
in capacity reaches a maximum of 9.4 bits and 11 bits per
channel use in a 30 dB SNR channel conditions, for the 4-ULA
and 16-UPA antennas, respectively. It must be remarked that
the analysis of mmWave channel links considering line-of-sight
conditions, as the presented in this letter, tends to have a lower
number of time clusters and spatial lobes comparing than in
microwave channel links, thus, limiting achievable multiplexing
gains [12].

V. CONCLUSION

This letter describes the addition of a geometric approxima-
tion method for MIMO antenna type free communication chan-
nel response in an in-house 3D-RL algorithm. The use of this
method achieves a 93.4% reduction in simulation computational
time, increasing by several orders the temporal efficiency of
a MIMO channel simulation. The algorithm is performed in
a postprocessing stage to the 3D-RL algorithm, and natively
coupled to the software for nonstationarity simulations. The
comparative results show that the approximation reflects the
main characteristics of the real channel in the synthesized el-
ements. In addition, the novel approximation method integrates
all kind of antennas layout into a single calculation form. Due
to its self-represented coordinate system, the orientation of the
array is embedded and can easily be set up to follow temporal
changes throughout the simulation. Also, given the signed nature
of the point-plane distance, there is no need to assign an extreme
point as the virtual point simulation. Thus, any element in the 3D
array can be chosen, or no element at all, given a more logical
use of a central array point, to exploit spatial coherence.
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