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Abstract

Ray launching (RL) algorithms are widely employed in in-
door radio frequency (RF) design and planning, where a
trade-off exists between the prediction accuracy and the
computational cost. In this paper, a RL-based channel sim-
ulation is carried out in a simplified three-dimensional (3D)
model of a typical classroom environment at the Ka-band.
Channel measurements are conducted in a practical sce-
nario to verify the accuracy of the simulations. The path
loss and root mean square (RMS) delay spread of the prop-
agation channel obtained from simulations and measure-
ments are reported and compared, which show good agree-
ments.

1 Introduction

The millimeter wave (mmWave) band with large un-
allocated sections of the spectrum is considered as one of
the key solutions to extend the mobile capacity in indoor
scenarios. However, the mmWave signals are vulnerable
when propagating in a complex indoor environment due to
various blockages [1, 2]. Therefore, it is critical to char-
acterize the indoor channel accurately for indoor network
deployment and optimization.

Conventionally, channel models are fitted from the mea-
sured data [3, 4, 5]. For complicated indoor environments,
these empirical models show limited accuracy due to the
lack of site-specific information. A more appropriate so-
lution is to use ray-based deterministic models to charac-
terise propagations in specific scenarios [6]. As one of the
main types of ray-based models, ray launching (RL) algo-
rithms are widely employed to simulate multipath propaga-
tions in indoor environments [7]. By discretizing the three-
dimensional (3D) environment into unit sections, it can pre-
dict both time and spatial propagation parameters for the
electromagnetic (EM) waves.

RL algorithms require the information of the propagation
environment as input parameters, including the placement
and specifications of the devices, the layout of the environ-
ment and EM properties of materials. Intuitively, the more
detailed the environment is described, the higher the accu-
racy of the prediction. However, the large number of ob-
jects in the 3D space can result in difficulty in establishing

the 3D environment model and a long computation time [8].
Additionally, the trade-off between the complexity and ac-
curacy also exists when configuring the resolution of the
environment discretisation [8], since the RL algorithm con-
siders that the receivers in the same unit section receive the
same multipath components. Therefore, balancing between
the computational cost and the prediction accuracy is im-
portant when using RL algorithms in the design and plan-
ning of new wireless systems for buildings, especially in the
mmWave band. The impact of simplification of the layout
and the resolution of the environment discretization on the
accuracy of the simulation can be evaluated through chan-
nel measurements.

In this paper, we present the validation of a RL-based chan-
nel simulation tool by channel measurements in a typ-
ical classroom scenario. A custom-designed frequency
modulated continuous wave (FMCW) channel sounder at
Durham University is used for channel measurements [9].
The simulation and measurements are conducted at 37–41.5
GHz (Ka-band) [10]. The power delay profiles (PDPs) are
obtained from both the simulation and measurements for
seventy data points in the scenario. The path loss and root
mean square (RMS) delay spread are computed for each
data point, and the overall validation results are analyzed.

2 Measurement and Simulation Parameters

2.1 The Propagation Environment

The simulations and measurements are carried out in a typ-
ical classroom scenario at Durham University, as shown in
Fig. 1. It contains three rows of desks and chairs and other
small objects such as a monitor and a projector. The room
is rectangular with 8.6 m length, 7 m width and 2.8 m ceil-
ing height. There are three sizable exterior glass windows
which are 1.1 m above the floor and a door with the height
of 2 m in this room. Outside the room is a long corridor
connecting the other classrooms.

2.2 The RL-Based Simulation

A 3D model of the propagation environment is established
for the RL-based simulation. As shown in Fig. 2, the main
objects including the walls, floor, ceiling, windows, door



Figure 1. The classroom propagation scenario under mea-
surement.

Figure 2. Simplified 3D model of the propagation environ-
ment for RL-based channel prediction.
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Figure 3. Plan of the propagation environment and the po-
sitions of the measurement points.

and desks are expressed in the model, while the other ob-
stacles are omitted for simplification. The materials of the
objects are configured according to the practical scenario
prior to simulation.

The network system operating at the frequency band of 37-
41.5 GHz is used in the simulation. The transmit antenna
is a directional antenna with a ∼55◦ half-power beamwidth
and the height is set 1.7 m above ground. The port power
of the transmit antenna is set to 0 dBm. As shown in Fig. 3,
the transmit antenna is located at the corner of the room and
the main lobe pointed to the direction 45◦ in azimuth. The
receive antenna is an omnidirectional antenna and fixed to
1.6 m high to mimic an average human height. A total of
seventy locations of the user equipment (UEs) are consid-
ered and the positions are shown in Fig. 3.

The simulation is operated in a RL-based RF planning tool
[11, 12, 13]. The resolution of the 3D propagation envi-

(a) Transmitter. (b) Receiver.

Figure 4. The mmWave channel sounder.

ronment is 0.1 m. The simulation counted a maximum of
five times of transmissions and five times of reflections for
the rays. With these predefined simulation parameters, one
single run of the simulation for this scenario takes around 2
minutes on a PC (Intel Core i7, 16 GB).

2.3 Channel Sounder and Measurement Pa-
rameters

In order to validate the simulation results, we carried out
measurements in the descibed scenario. The transmitter and
receiver are located on the positions marked by green and
red dots in Fig. 3, respectively. During the measurements,
the receiver location is fixed while the transmitter unit is
moved onto the data points within the environment, imitat-
ing the positions of UEs in the simulation. The pictures of
the receive and transmit antennas used in the measurements
are shown in Fig. 4. The omnidirectional antenna with typ-
ical gain of ∼5 dBi is used at the transmitter. At the re-
ceiver, horn antenna with ∼10 dBi gain and the beamwidth
on the order of ∼55◦ are used to match the device in the
simulation. Both the transmit and receive antennas are ver-
tically polarized. The received signal is compressed and
down converted to baseband which is then sampled at a rate
of 40 MHz. The waveform repetition frequency used in the
measurements was 1.22 kHz.

3 Data Analysis and Results

3.1 The PDPs

The PDP for each data point is computed to compare the re-
sults in terms of time delay and power level of the multipath
components. According to the propagation environment, a
line-of-sight (LOS) component exists for each data point,
which refers to the component arriving at the receiver with-
out any obstruction. By aligning the time delay of the LOS
component, the relative time delay and power level can then
be compared between the measurement and the simulation.

Taking six data points in the environment as an example,
the PDPs for these data points are shown in Fig. 5. For the
first several arriving components, both the time delay and
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Figure 5. Comparisons between measurements and simu-
lations of PDPs on measurement points in the classroom.

the power level of simulations, denoted by the red mark-
ers, fit the measured results well. For the other components
with relatively low power, the trend of the simulation results
shows good agreement with the measurements.

3.2 The RMS Delay Spread and Path Loss

The overall performance of the simulation is validated in
terms of the time dispersive property and the path loss for
each measurement point, which are the fundamental param-
eters considered for wireless system design.

The time dispersive properties of wideband multipath chan-
nels are commonly quantified by the RMS delay spread [3],
which is the square root of the second central moment of
the PDP and is defined by

σ =

√
∑

K
k=1 P(τk)τ2

k

∑
K
k=1 P(τk)

− (τ̄)2, (1)

where τk is the time delay for the k-th component arriving at
the receiver relative to the first component and P(τk) is the
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(a) Measured and simulated RMS delay spread.
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Figure 6. Comparison between measurements and simula-
tions of the RMS delay spread and path loss for the mea-
surement points in the classroom.

power of the k-th component. τ̄ denotes the mean excess
delay and is computed by

τ̄ =
∑

K
k=1 P(τk)τk

∑
K
k=1 P(τk)

. (2)

Path loss refers to the ratio between the transmitted power
and received power excluding the overall system gain and
antenna gains. As shown in Fig. 6, both the RMS delay
spread and path loss obtained from the simulation results
match the measurement results well.

3.3 Discussion

The validation results of both time dispersive properties and
path loss of the channel show that the RL-based simulation
can be considered as a reliable solution to predict the EM
wave propagation in indoor scenarios for RF system design
and planning at the Ka-band. Although the propagation en-
vironment has been simplified to save the time of computa-
tion, it shows a limited impact on the accuracy.

The difference between RL-based simulation and measure-
ments could be attributed to the following: (1) Configu-
rations of the propagation mechanisms in the simulation.
The detection of transmissions and reflections of the rays
are constrained within five times to reduce the computa-
tion time for each run of the simulation, which means that
rays arriving at the receiver with more than five times trans-
mission or reflections have been ignored in the simulation.
In this rectangular room, the rays reflected more than five
times are also recorded by the sounder but are not counted
in the simulation. Therefore, taking -130 dBm as the thresh-
old, the maximum excess delay for the simulation is shorter
than the measurement, as shown in Fig. 5. (2) Environment



simplification. The 3D propagation environment model em-
ployed in the simulation is simplified from the exact sce-
nario. The small objects, such as the monitor, projector
and chairs, are not considered in the simulation. Therefore,
multipath components reflected from these objects and re-
ceived in the measurements could not be associated with the
simulation results. (3) Configurations of the antennas and
materials. Although the material database in the simulation
is adjusted to match the practical scenario, error exists due
to the complicated building construction materials. The ra-
diation pattern of the antennas used in the simulation could
also be mismatched due to side lobes.

Therefore, the accuracy of the simulations can be further
improved by refining the simulation configurations includ-
ing the layout of the propagation environment, the specifi-
cations of the devices and the EM properties of construc-
tion materials according to the measurement data. The cal-
ibrated database can be employed in the computation with
a higher requirement of the accuracy and the longer time
consumption tolerance.

In this paper, we focus on the propagation scenarios when
there is a LOS path between the transmitter and the receiver.
Another scenario that the transmitter and the receiver are
separated by obstructions and thereby no LOS component
exists is also commonly seen in the indoor environment.
We leave the analysis of this scenario to future work. More-
over, the RL-based simulations will be validated in different
propagation environments and also the influence of humans
in the scenarios will be considered in future studies.

4 Conclusions

In this paper, we present a RL-based simulation of the EM
wave propagation and the validation by measurements in
a typical classroom environment in the Ka-band. Despite
some simplifications of the propagation environment, the
simulation results show good agreement with the measure-
ments of different data points in terms of both path loss and
time dispersive properties. Further studies will be carried
out in the future to evaluate the prediction accuracy of the
RL-based simulation in other scenarios.
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