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KEYWORDS Abstract This paper explains a new Adaptive Path Sensing Method (APSM) for indoor radio
Measurement; wave propagation prediction. Measurement campaigns, which cover indoor line-of-sight (LoS),
Modelling; non-line-of-sight (NLoS) and different room scenarios, are conducted at the new Wireless Commu-
Radio propagation; nication Centre (WCC) block P15a) of Universiti Teknologi Malaysia (UTM), Johor, Malaysia.
Ray tracing; The proposed APSM is evaluated through a computerized modelling tool by comparing the
RSSI Received Signal Strength Indicator (RSSI) with measurement data and the conventional

Shooting-Bouncing Ray Tracing (SBRT) method. Simulations of the APSM and SBRT are per-
formed with the same layout of the new WCC block P15a by using the exact building dimensions.
The results demonstrate that the proposed method achieves a better agreement with measured data,
compared to the conventional SBRT outputs. The reduced computational time and resources
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required are also important milestones to ray tracing technology. The proposed APSM method can
assist engineers and researchers to reduce the time required in modelling and optimizing reliable
radio propagation in an indoor environment.

© 2022 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria
University This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Ray tracing is implemented in radio wave propagation predic-
tion models, where it detects all the possible paths of the ray
depicting a transmission [1]. It identifies the path based on a
single point in front of the radiated wave. Ray tracing applies
the concept of light in the reverse way, whereby the path gen-
erated is traced back from the receiver to the source [2].

Generally, the ray tracing process can be divided into 3
major steps. Firstly, ray tracing depicts the ray at every angle
and simulates the ray path in a certain layout, either indoor or
outdoor propagation, complying with Geometric Optics (GO)
[3,4] and the Uniform Theory of Diffraction (UTD) [5,6].
Then, ray intersection occurs, where several light phenomena
such as reflection [7], refraction [8], diffraction [9], and scatter-
ing [10] take place depending on the environment layout
[11,12]. Lastly, all the rays are gathered and propagated to
the receiving site. These rays are usually collected to analyse
and evaluate the behaviour of the propagation. For example,
RSSI at the receiver can be used to estimate the power level
from router to client point after deducting possible antenna
and cable loss [13.14]. A larger value of RSSI indicates a stron-
ger signal [15].

With regards to the ray-tracing technique [16], there are a
few existing methods available [17] to model radio wave prop-
agation. For example, the imaging technique is well-known
and widely used to detect the path of rays from transmitter
to receiver, due to its simplicity and efficiency [18]. Image tech-
nique is suitable and reliable to identify the ray path involving
several reflections; however, it possesses the disadvantages of
the large number of reflection objects required and the long
computational time.

An example of the use of ray tracing is found in [19], where
a wave propagation prediction model using image theory is
proposed. The shift of rays obstructing the obstacle is taken
into consideration to create a more accurate computation.
Zamani et al. [20] used the image method to estimate the
boundary at a high accuracy level. Valenzuela et al. [21] has
proven that increasing the number of reflections results in
lower prediction error while increasing the overall computa-
tional time exponentially.

The Shooting and Bouncing Ray Tracing (SBRT) method
act as the fundamental principle to analyse and predict the sig-
nal [22]. This method was first introduced by Ling et al. [23],
whereby multiple reflections are considered. In the SBRT
method, the transmitter generates rays after detecting they
have reached the receiver or an obstacle. During this period,
phenomena such as diffusion, refraction, or scattering of rays
may occur along with the characteristics of the ray. Then, the
field energy is measured concerning the associated ray after the
ray has been received by the receiver. Teh et al. [24] had come

out with an SBRT improvement ray tracing algorithm for
radio propagation modelling. Yun et al. [25] presented an
SBRT extraction algorithm that improves computational time
at fixed memory resources. Dama et al. [26] developed a dual-
band MIMO system operating at 2.4 GHz and 5 GHz in a typ-
ical office building. It achieved the agreement between the pre-
dicted result and the measured result through the SBRT
method. The computational efficiency could also be enhanced
using the SBRT method in a GPU-based system. This was
shown in [27] where the result showed a 16 times improvement
compared to the conventional CPU.

In a complex environment with several receivers positioned,
conventional models, express their high complexity. The recei-
ver zone is not defined in these conventional methods. These
require huge numbers of rays to be propagated from the base
station to the surrounding by using a predefine vertical and
horizontal angle. The high-resolution rays are blindly
launched, where they are either encountered with receiver cap-
ture sphere or lost energy and disappeared. In this case, the
complexity arises as the tracing process for each ray is extre-
mely complex, resulting in a huge amount of resources and
computational time.

In this paper, a 3-D ray-tracing APSM is presented and
implemented in a computerized in-house simulator, along with
the conventional SBRT methods which were verified by mea-
surement. The simulation is executed based on the actual
building measurement layout at WCC block P15a, located at
UTM, Johor, Malaysia. The simulation result is then com-
pared with the experimental result performed at the same loca-
tion. Hence, the contributions of this paper are highlighted as
follows:

e A new ray launching method called APSM is developed and
a new simulator is developed for the study of APSM
approach for indoor radio propagation that takes into
account the attenuation from the ceiling and floor in addi-
tion to the effect of walls.

e In the proposed APSM, the number of ray launching is
greatly reduced, the computational complexity and time is
also reduced when compared with the renowned SBRT
method. The results have been verified with respect to mea-
surement data in an indoor study environment.

The paper is organized in the following way: Section II dis-
cusses the related works while Section III introduces the math-
ematical equations for radio wave propagation modelling.
Section IV presents the concept of the proposed adaptive path
sensing method, section V discusses the measurement environ-
ment and experimental procedures, and section VI reports and
discussed the experimental results. Finally, in section VII, a
conclusion and envisioned future development is drawn.
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2. Related work

There have been several works on indoor propagation mea-
surement. For example, Beauvarlet and Virga [28] have inves-
tigated the fading characteristic of small-scale indoor
propagation using directional antennas. The path loss was
obtained in the experimental setup and compared to Rician
and Nakagami distribution models. However, the experiment
was limited to the 30 GHz range, where the scope is narrowed
down to the millimeter-wave (mmW) band. Meanwhile, Wang
et al. [29] had achieved high accuracy and reliability on radio
propagation characteristics prediction for the indoor environ-
ment. However, the algorithm was not subjected to experimen-
tal validation, and only simulation results were obtained. In
[30], measurement campaigns at indoor environments such as
offices and classrooms were held for mmW propagation at
28 GHz. Propagation parameters such as delay and angles
were estimated through the proposed algorithm. A propaga-
tion measurement and modelling at ultra-wideband was pre-
sented by Briso et al. [37] in a large indoor environment
exposed to the usage of the wideband in sensors application.
Cheffena [31] proposed a simulated technique for industrial
indoor measurement with proven consistency as the Saleh-
Valenzuela model. The advantage of this technique was the
simulation of large scenarios by considering the size, type,
and orientation of material [32]. However, it possessed the
same problem as the previous work, without validation of
the developed indoor multipath model using an appropriate
real-life setup. Jong et al. [33] had performed a two-
directional propagation in indoor office environments, cover-
ing the frequency bands from 2.4 to 61 GHz.

Other examples include a 28 GHz radio channel measure-
ment, reported in [47]. A similar measurement setup with a
26 dBi horn antenna was conducted by Lei et al. [48] to inves-
tigate the propagation characteristics in terms of path loss,
root mean square delay spread, and power angular profiles
in an indoor scenario. Also, Sun et al. [57] and Deng et al.
[49] had conducted an indoor office measurement campaign
at 28 GHz and 73 GHz. The measurement results were anal-
ysed and validated with different path loss models, which were
more accurate than the 3rd Generation Partnership Project
(3GPP) and International Telecommunication Union (ITU)
indoor propagation model that requires a high number of
parameters and has a less physical basis. Using a similar fre-
quency setting, Deng et al. [50] presented a mmW measure-
ment in an office environment. The findings demonstrated an
effective channel model for mm-wave signal simulation and
communication system development. Similarly, a measure-
ment campaign for an indoor corridor and office was pre-
sented in [34] for 8 GHz to 11 GHz. In [35] an indoor
MIMO measurement for NLOS condition at 2.55 GHz and
24 GHz was carried out. The ray tracing simulation presented
by Mani and Oestges [36] included the feature of penetration
to enhance prediction accuracy. The outputs of the simulation
such as cross-polarization level and delay spread were obtained
and compared with the measurement, but the prediction align-
ment with the experimental result still required improvement.
Hence, in this paper, a more comprehensive indoor wave prop-
agation modelling is proposed.

There are also recent simulator developments for ray trac-
ing techniques in radio wave propagation prediction, such as

in [37]. For example, Yoon et al. [38] had proposed an intelli-
gent ray tracing method, which accelerated the simulation
time. This algorithm reused the ray path construction of the
first ray onto the other rays, which effectively eliminated the
unnecessary prediction process for the other rays. The simula-
tion was held in a simple room, which was 13.0 m in length,
8.6 m in width, and 2.7 m in height, where only 5 reflections
were considered. Zhou and Jacksha [39] had presented a ray-
tracing method to model the radio frequency in the tunnel
environment. Azpilicueta et al. [40] had introduced the conver-
gence method in indoor environment wave estimation. This
method involved obtaining the parameters such as the number
of reflections and launching rays first before implementing
them into the simulation. For example, 6 reflections and
64,800 launching rays were incorporated into the simulation
for iRadio Laboratory located at the University of Calgary.
The 3-D ray launching algorithm proposed by Granda et al.
[46] was one of the remarkable achievements in 3-D ray trac-
ing. The angular resolution of m/180 rad was used to model
an urban scenario dimension at 868 MHz, 2.4 GHz, and
5.9 GHz. The result showed a notable accuracy compared with
the conventional 2-D analytical path loss model.

However, in a high complexity environment with multiple
receivers positioned, these models possess their disadvantages.
In these conventional methods, the receiver zone is not defined.
They require large numbers of rays to be propagated from the
base station to the surrounding by using a predefine vertical
angle (0) and horizontal angle (®), as mentioned in [41]. In
other words, more rays are needed to cover the propagation
area since the zone of propagation is not pre-defined. The
high-resolution rays are blindly launched, where they are either
encountered with receiver capture sphere or lost energy and
disappeared. Consequently, the weakness arises as the tracing
process for each ray is extremely complex, resulting in a huge
amount of resources [42 43] and computational time [44].
These problems have a notable impact on area coverage, prop-
agation distance, as well as path loss [45]. This is proven in
[46], where the conventional ray-tracing method had reduced
accuracy and many complex calculations through Finite Dif-
ference Time Domain (FDTD) analysis.

Simulations have also been recently performed at 4.5 GHz,
28 GHz and 38 GHz. For example, in [51], a smart ray tracing
method was proposed in the simulation for indoor radio prop-
agation prediction at 28 GHz. In [52], Hossain et al. had intro-
duced the method for indoor wave propagation at 4.5 GHz.
The output of the simulation was emphasized more on path
loss and received signal strength indication level. Geok et al.
[53] had come out with a general ray tracing technique to min-
imize the number of launching rays known as Minimum Ray
Launching Maximum Accuracy (MRLMA). This technique
was applicable for the indoor environment as it was advanta-
geous in terms of coverage and simulation time. A similar
setup was also used in [63-64], where mm-wave application
at 28 GHz and 38 GHz was done for indoor propagation pre-
diction. However, the main limitation was the non-
consideration of ceiling effects. In [54], a comprehensive review
of the hybrid approach was presented along with its effective-
ness in reducing computational time. Similarly, in [55], a new
ray tracing method was proposed and verified in a simple room
through simulation. The methods above considered the wall as
the only obstacle [56].
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In summary, some of the limitations identified from the
related works include lack of experimental validation, use of
conventional ray-tracing SBRT methods with high computa-
tional complexity, non-realistic indoor scenarios by consider-
ing only the attenuation from the ceiling in the indoor
environment. To address these issues, in this research, a 3-D
ray-tracing APSM method is proposed to overcome the chal-
lenge of time and computational complexity related to the con-
ventional SBRT method. Furthermore, the APSM method is
validated by comparing the performance with the SBRT and
measurement campaign using RSSI in a more realistic building
layout that accounts for ceiling and floor attenuation.

3. Radio propagation modeling equations

Rays have the same concept as light which propagates in a
straight line. Friis transmission equation [57] is the fundamen-
tal equation to calculate the power received in radio propaga-
tion, as in Eq. (1).

P, i\
%66 (2) 0

The symbols P, and P, indicate receiver power and trans-
mitter power, while G,, G,, 2 and r represent transmitter
antenna gain, receiver antenna gain, wavelength, and the sep-
aration distance between two antennae, respectively.

Maxwell equations [58] can also be used in predicting radio
propagation. For example, the electric field can be expressed as
shown in Eq. (2).

E(r) = e (r)e 750 (2)

In Eq. (2), p0 approaches infinity for high frequency. The
term e (r) indicates the magnitude vector while S(r) indicates
eikonal or travel path. The assumption in this paper is that
the rays are mainly propagating in straight lines while main-
taining in the same medium as that before hitting an obstacle.

The derivations of the Fresnel equation are shown below.
Eq. (3) and Eq. (4) show the equation for boundary conditions
for E-field and H-field respectively.

E+E =E 3)

B;icosO; — B.cosl, = B,cos0, 4)

By using the law of reflection and relationship between B
and E, Eq. (4) can be written as
iEi Ly E
n—cosf),- _n cosl, = M Lcost, (5)

cD C(? C()

Some mathematical derivations from Eq. (5) yield
(nicos0;)(E; — E,) = n,E,cos0, (6)
By substituting Eq. (3) into Eq. (6), we obtain
(nicos0;)(E; — E,) = n,(E; + E,)cos0, (7)

The relationship between impedance Z with E and n is
shown in Eq. (8).
E_cop

250" ®)

The transmission and reflection coefficients between two
homogenous media are specified in Fresnel Egs. (9) and (10)
[59]. This is applied in radio wave propagation since in an
indoor environment the obstacles are electrically larger than
one wavelength.

2

Z,cos0; — Z,cos0,
I =—/—S_1—"——1 9
* | Zycos0; + Z,cosb, ©)
Z5c0s0, — Zycos0; 2
) I 10
P Zyc0s0, + Z, cos0; (10)

The symbols I'y and I', represent vertical and horizontal
polarizations reflection coefficients, respectively. The impe-
dance of the medium is represented by Z, and Z,, while the
angle of incidence and reflection are symbolized by 6; and 0,
accordingly.

Diffraction occurs when a ray produces a cone of rays after
reflecting at a sharp edge or object [60]. In this case, the knife-
edge method is applied in the simulation to handle diffracted
rays as the calculation of diffracted ray is more complicated
than a simply reflected ray. In normal cases, the power level
of the diffracted ray is much lower as compared to the ray in
LoS [61]. The diffracting point generates its subordinate
sources, causing increasing difficulty in implementing diffrac-
tion into the ray tracing algorithm. This can be solved by using
the Geometrical Theory of Diffraction (GTD), where the point
power level Egrp is calculated in Eq. (11).

e*jkp, p’
Egrp = E,——Dj; ;
T\ +p)

e (11)

Here, the symbol E, represents the source point amplitude, k is
the wave number, p is the distance between transmitter and
receiver, p is the diffraction point to reflection point, and
Dﬁ is the diffraction coefficient. In non-conducting obstacle

cases, Dﬁ can be calculated with Eq. (12).
L)) F(kLa* (¢ - ¢))
= 2n\2rksinf tan [%;4”]

r{esa (+-))

tan [L“ﬁ"/’,]
2n

A (o-¢))

! tan [—”*‘/”4’/]

+ +

rleea (5 4))

+o—g/
tan [nTi|

+ Fnﬁ (12)

2n

The symbols l"Oﬁ and I' nﬁ represent horizontal and vertical
polarization reflection coefficients, respectively. Symbol ¢

expresses forward directions while (j)/ indicates the reverse
phase. The other simplified terms include
L=(pp'(p+p)),B=¢+¢. In the simulator, a single ray
with a maximum of 25 interactions is incorporated into the
calculations.

In an indoor environment [62], the relationship among the
received electric field of receiving ray Epg, transmitted field
strength Ep, transmitter and receiver field radiation pattern

J1: fr: reflection coefficient for the j  reflector R;, the transmis-

sion coefficient of wall T}, diffraction coefficient D,, spatial



3D RT adaptive path sensing Method: RSSI modelling validation at 4.5 GHz, 28 GHz, and 38 GHz 11045
attenuation coefficient 4, and phase factor e~*¢ corresponding |ZM v |2 2| z
. . . _ 1 2m=0Vml _ -
to distance d is shown in Eq. (13). =R, dnng |2 (Evtrn) /G
—ikd e e

Er = Eofrif i HR HTkHAD (13) —T=tx {( H A\(; +4n }T

The receiver power’s large scale (LS) effect of the broadcast =tx KGH 7) } (17)
network can be easily described by path loss (PL). PL can be A 4nno

used to calculate the LS fading activities relying on receiver
signal attenuation as a function of distance and frequency.
Eq. (14) can be used to calculate the PL for LoS and NLoS
scenarios.

PL(f,d)[dB] = FSPL(f, lm) + 10n10g10Tiﬂ + X, (14)

Path loss exponent is symbolized by n while X, denotes
zero-mean Gaussian arbitrary variable concerning the stan-
dard deviation ¢. FSPL with a distance of 1 m in free space
can be calculated by Eq. (15), where f and ¢ denote the oper-
ating frequency and speed of light, respectively.

FSPL(f, 1m)[dB] = 20n10g104%[ (15)

Vertical to the omnidirectional polarized environment [63],
the path loss of LoS scenario and NLoS scenario are simplified
to Eq. (16).

i=i+1

Z {|PLV—Omm‘ - PLV—V|2}

i=1

PLyos(d;) =

PLNLOS(di) =0 (16)

The total RSSI after considering Eqs. (13) and (15)
can be expressed in terms of electric field and voltage as in

Eq. (17).

2
Ege %1 \/ GG 11 { A
0e rn m ( Rm rm) A

M Pa i=0

x Z by Cn ~
n=0 H TjnAtjn ( H DmnAdmn> [
=0

m=0

The actual measured voltage V,, depends on the types of
receiving antenna and types of polarization. V,, can be calcu-
lated from Eq. (18).

/2GR0

Vrn -
47

(E,ay)e™ (18)

The symbols from Eq. (17) and Eq. (18) include: 4 repre-
sents the wavelength; R, is the receiver characteristic impe-
dance, G,, expresses the receiver directivity from which the
ray arrives; a,, is the receiving antenna polarization from
which the ray arrives; ¢ is the phase shift introduced by the
receiving antenna. M from Eq. (17) indicates the total number
of valid paths.

4. Ray tracing method

A. SBRT Method

In the conventional ray-tracing method, each ray emitted in
all directions is to be performed a calculation to determine

/;'AF!T

L Festray, =1

' i
Horizontal drection

COMaEponding 10 Warical
direchon from -T2 16 72 radian

Ry receieed”

Diraw the line for svery ray
and save the detals mn
database

.

Fig. 1

]

Generave
ray after reflection
or daffraction

Flowchart of SBRT.
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whether it reaches the preset receiving zone, or disappears
from the ray-tracing simulation when it is not intercepted by
the receiving sphere. As a result, the method consumes long
computational time and large resources, as numerous rays
are to be traced in the simulation. A flowchart of the SBRT
method is illustrated in Fig. 1.

B. APSM Method

In APSM, the algorithm is focused on launching the rays to
the specific receiving zone, rather than emitting the rays in all
directions. Each of the rays may encounter light phenomena
such as reflection and diffraction and responds differently.

START
Firgl ray, =1

v

Horizomtal dreckon
corresponding 1o verbical
direction from -2 to 7/2 radian

w

Ray receved?

3

Generate
ray after reflaction
or diffraction

l=i=1

Sarve the sucoess drection & add forward
and backward ravs

Launch the final mys with M as ol
number. Predefined :l.r.llc, J=1

NO
Discard from simulation

Ray recened?

Draw the line for every ray
and save the details in
database

NO

1=j+1

Fig. 2 Flowchart of APSM.



3D RT adaptive path sensing Method: RSSI modelling validation at 4.5 GHz, 28 GHz, and 38 GHz

11047

The proposed method identifies mathematically the relevant
ray paths from the target point back to their emitting sources.
The horizontal angle is measured from a horizontal reference
direction, while the vertical angle is the azimuthal angle mea-
sured from a vertical direction. The APSM is illustrated in
Fig. 2.

The first step in APSM is to create the building layout in
the simulation environment, including all the necessary obsta-
cles such as the wall, ceiling, and floor, as well as the Tx and
Rx in the simulation. The actual geometry will be used to
model the building layout.

In Step II, the propagation of rays will be traced to the
receiver. The rays may undergo reflection, refraction, and
diffraction before reaching the receiver. The rays are launched
at regular vertical angle steps of (1/180) radian for each of the
horizontal angles. For the case of horizontal angle steps, a
lower resolution is used, which is (mn/60) radian instead of
(m/180) radian. This is because the vertical step size only has
little effect on the simulation result, where in this method the
computational time is reduced to 3 times shorter since there
are more rays to be calculated in the conventional method.

In Step III, pre-ray tracing is performed based on the calcu-
lation to identify the successive rays which are reaching the
receiver zone. Next, the forward direction rays are added to
each of the successive rays, where the steps size is either
n/180, m/240, n/360, or m/720, based on the simulation sce-
nario. The example of code in C# is shown below. The same
goes for Step V; certain backward direction rays are added
to every successive vertical angle. The steps size can be -
/180, -1/240, -1t/360 or -1/720, based on the simulation sce-
nario. In Step VI, the combination of all the probable angles
from Step IV and V will be carried out. The resultant angle
is more precise concerning the receiving zone. Finally, in Step
VII, the launching of rays occurs, where all the emitted rays
are traced and represented in colour; blue for LoS and red
for NLoS. The simulation result is then saved in the database
for further analysis.

5. Experimental measurement and simulation details

This section will be separated into 2 sub-sections. Section A is
on the real-world measurement campaign and Section B is on
the in-house simulation.

A. Measurement Environment and Experimental Setup

A measurement campaign is conducted on the ground floor
of the new WCC block P15a located at UTM, Johor, Malay-
sia. It is a 2-storied-structure with external walls, and inter-
nally there are rooms and laboratories separated by internal
walls. The carrier frequencies of 4.5 GHz, 28 GHz, and
38 GHz are used to model the indoor radio wave propagation
that could potentially be used as mobile communication net-
work bands.

A directional horn antenna is used as the base station to
transmit the signal. The Tx height is set to be 2 m from the
ground level, and it is connected to an MG369xC model signal
generator to synthesize the waves of continuous radio signals,
as antenna height has a huge impact on the coverage [64,65].
Tx horn antenna is vertically polarized and the beamwidth is
18 degrees.

On the receiver side, an omnidirectional antenna acts as the
mobile station to receive the signal. It is connected to an
MS2720T model spectrum analyzer where its channel band-
width is fixed at 100 kHz. The height of Rx [606] is set to be
1.5 m. In this experiment, Rx is mainly used to measure and
quantify the received power level in terms of RSSI. The hard-
ware configuration is as shown in Table 1.

The experiment is conducted with one Tx and 83 Rx. The
location of Tx is fixed at the corridor outside the prototype
laboratory 1 (Room 2), as shown in Fig. 3, while 83 Rx are
scattered over the 21 m x 30 m ground floor to provide good
coverage for analysis. Among these 83 sites, site 1 to 14 are
used to represent the LoS scenario, and site 17 to 33 are used
to model NLoS cases. The measurement is held by placing the
Rx at site 1, over a distance of 1 m from Tx. The received sig-
nal from that particular location is then recorded in terms of
RSSI. Then, Rx is repositioned at site 2 to carry out the mea-
surement. This process is repeated until all 83 sites are assessed
for 4.5 GHz, 28 GHz, and 38 GHz, respectively.

B. In-house Simulation

The SBRT and APSM are implemented in the in-house
simulator to compare with the experimental measurements.

Table1 MEASUREMENT PARAMETERS.

Parameter Values

Frequency 4.5 GHz 28 GHz 38 GHz

Height of Tx horn antenna 2m

Height of Rx omnidirectional 1.5m

antenna

Transmit power 25 dBm

TX horn antenna gain 10 dBi 19.2 21.1
dBi dBi

RX Omni Antenna Gain 3 dBi

Fig. 3  Experimental setup at WCC block P15a [63]
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Fig.4  Actual building layout plan of WCC block P15a at UTM.

The simulator is developed with programming language C#
with WPF, VS 2017, version: 15.5.2 and MS SQL server
2017 standard edition on the database. Simulation has been
performed wusing a standard Windows 64-bit server
(YOMSSAA#UUF), Windows server 2016 OS version 10.0%,
and processor core i7. The server also has the specifications
of 16.0 GB RAM with a 4-GB GDDRS5 Graphics card.

The dimensions of the layout in the simulation are mapped
exactly with the actual building layout as described in section
V and shown in Fig. 4.

In the simulation, 40 pixels are considered as one meter in
terms of measuring distance. A maximum value of 25 interac-
tions is preset as the limit reflection of a single ray. In the other
words, rays exceeding the limit are neglected in the tracing.
The average ray thickness is approximated to be one pixel.
Value of cable loss is inserted based on the measurement cam-
paign, for example, 14.1 dB, 13.9 dB, and 14.25 dB for
4.5 GHz, 28 GHz, and 38 GHz, respectively. Figs. 5 and 8
show the layout of the target building in 2D and 3D simulation
views.

A horn antenna of height 2 m with a transmitter power of
25 dBm is used as Tx. There are 83 omnidirectional antennae,
which act as Rx being placed over the layout according to the
measurement campaign. These include LoS and NLoS cases,
along with six different room scenarios. The layout of the
building is modelled by only considering the main features
such as windows, doors, walls, ceiling, and floor, as mentioned
in [67,68].

Different carrier frequencies of 4.5 GHz, 28 GHz, and
38 GHz are used to perform the measurement, SBRT, and
APSM in the simulation. The output is observed in terms of
RSSI, where the simulator will estimate the electromagnetic
field based on rays received at Rx. Then, RSSI is calculated

(c)
Fig. 5

(d)

(a) 2-D Layout of SBRT Method after simulation at 4.5 GHz, (b) 3-D Layout of SBRT Method after simulation at 4.5 GHz, (c)

2-D Layout of APSM after simulation at 4.5 GHz, (d) 3-D Layout of APSM after simulation at 4.5 GHz.
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Table 2 SIMULATION CONFIGURATION.

Parameter Values

Frequency (GHz) 4.5 28 38
Number of pixels per meter 40

Maximum number of interactions 25

Resolution (degree) 1

Tx antenna gain (dBi) 10 19.2 21.1
Rx antenna gain (dBi) 3

Cable Loss (dB) 14.1 13.9 14.25
Floor Height (meter) 2

through equations and stored in the database for analysis, where
the RSSI of measurement campaign, SBRT, and APSM method
are compared and contrasted. The simulation parameters and
configuration are shown in Table 2, similar to the parameters
in the measurement campaign (refer to section V-A).

6. Results and discussions

A. Results for 4.5 GHz

Fig. 5 (a) and Fig. 5 (b) show the 2-D and 3-D layouts of
SBRT method simulations at 4.5 GHz, respectively. Similarly,
2-D and 3-D layouts for the APSM simulation at 4.5 GHz are
shown in Fig. 4 (¢) and (d), respectively.

Fig. 6 shows the RSSI data obtained from the measurement
campaign (section IV-A), SBRT method, and APSM method
implemented in the simulation (section 1V-B) at 4.5 GHz for
the LoS and NLoS scenarios and presented in Table 3 for all
scenarios. The mean RSSI from measurement is —59.54
dBm. The conventional SBRT method has the mean RSSI of
—67.25 dBm with an average RSSI difference of —7.71 dBm
compared to measurement data. On the other hand, our pro-
posed APSM method has the mean RSSI of —60.85 dBm with

an average RSSI difference of —1.31 dBm compared to mea-
surement data. The percentage of error of APSM is 2.2 %,
whereas the SBRT method has a percentage of error of
12.95 %. This shows that APSM has a higher agreement with
measurement results in terms of RSSI power level. SBRT
method has launched a total of 64,800 rays in the simulation.
This is effectively reduced to 25,741 rays in APSM, with an
approximate 60.28% reduction in the computational resource
which can achieve higher accuracy. The same goes for the time
taken to launch the ray, where the SBRT method uses
23317.44 ms to launch while APSM uses only 7620.55 ms for
the whole simulation. APSM reduces the time taken for the
launching ray by 67.32 %. Receivers 1 to 16 are considered
as in LoS condition. In the SBRT method, the largest differ-
ence for the LoS condition is Rx1, which has an RSSI differ-
ence of —21.99dBm compared to the measurement result. In
the APSM method, the largest RSSI difference that can be
observed is Rx6 which has a —6.44 dBm difference. This might
be caused by the large number of interactions received by Rx6
due to the reflection and diffractions encountered at the sharp
edge of the Room 1 wall. Other receivers show good agreement
with the measurement result, especially Rx4 which only has a
—0.65 dBm RSSI difference.

Rx17 to Rx33 demonstrates the distance relationship of
RSSI in NLoS scenario. The overall RSSI is higher than
LoS condition due to lesser rays received directly but with a
higher number of interactions. In the SBRT method, Rx23
shows the largest difference of RSSI of 18.39 dBm whereas,
in APSM, the largest RSSI difference of —23.36 dBm can be
seen from Rx30. This is due to the high number of obstacles
encountered by Rx30 such as door, concrete wall, ceiling,
and floor. Rx34 to Rx37 demonstrate the Room 3 scenario.
The proposed APSM achieved higher accuracy with the largest
and smallest RSSI differences of —6.29 dBm and 0.66 dBm,
respectively. In-Room 1, Rx38 to Rx46 are placed to measure
RSSI. SBRT method has the largest RSSI difference of —34.61
dBm at Rx45, wherein APSM only differs by —3.31 dBm for
the same receiver. The overall RSSI level for Rx38 to Rx46
is lower, due to the concrete wall being the only obstacle
encountered by the rays since Tx is placed outside Room 1.
In Room 4, the largest RSSI difference is shown by Rx48 for

LoS
-45 T

measurement
50 - SBRT 1
APSM
sy oA

.60 |

65 |

-70

RSSI (dBm)

75+

.80 |

-85

90 |

-95

Receiver ID

NLoS

Measurement
SBRT

APSM
-60 - \

RSS! (dBm)
o

.80 |

-85}

90 |

95 |

-100

16 18 20 22 24 26 28 30 32
Receiver ID

(a)

(b)

Fig. 6 RSSI data for measurement campaign (section 1V-A), SBRT method and APSM method implemented in the simulation at

4.5 GHz (section 1V-B) (a) Los and (b) NLoS.
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Table 3 SIMULATION RESULT AT 4.5GHZ.

Receiver Measurement SBRT APSM
ID RSSI (dBm) Method Method
RSSI (dBm) RSSI (dBm)
LoS RxI —47.70 —69.69 —51.03
Rx2 —49.20 —68.56 —52.22
Rx3 —51.40 —67.67 —55.09
Rx4 —48.90 —67.28 —49.55
Rx5 —50.10 —68.31 —52.68
Rx6 —56.40 —69.07 —62.84
Rx7 —55.90 —64.62 —61.67
Rx8 —52.60 —63.36 —60.19
Rx9 —54.10 —65.73 —59.27
Rx10 —54.70 —71.03 —59.42
RxI1 —58.10 -92.35 —53.32
RxI2 —55.30 —65.60 —53.87
RxI13 —55.60 —67.95 —54.45
Rx14 —55.20 —58.02 —59.4
Rx15 —55.20 —55.96 —59.33
Rx16 —55.10 —68.16 —54.24
NLoS RxI7 —57.80 —66.92 —59.93
Rx18 —68.10 —78.68 —65.61
Rx19 —63.20 —75.77 —67.84
Rx20 —67.30 —69.88 —69.45
Rx21 —66.80 —68.89 —68.15
Rx22 —72.40 —75.41 —73.67
Rx23 —70.10 —51.71 —74.68
Rx24 —72.30 —75.51 —71.19
Rx25 —70.70 —71.36 —72.72
Rx26 —71.50 —72.55 —74.87
Rx27 —69.60 —69.69 —66.65
Rx28 —72.90 —75.14 —77.98
Rx29 —74.40 —74.44 —79.89
Rx30 —75.40 —77.26 —98.76
Rx31 —74.40 —76.28 —77.43
Rx32 —74.60 —76.32 —717.22
Rx33 —76.70 —78.65 —79.56
Room Rx34 —56.80 —60.52 —55.67
3 Rx35 —60.70 —61.59 —66.99
Rx36 —66.00 —68.02 —65.34
Rx37 —77.40 —77.60 —79.98
Room  Rx38 —45.70 —59.36 —49.33
1 Rx39 —55.40 —57.33 —59.12
Rx40 —53.00 —56.06 —59.43
Rx41 —49.80 —64.79 —46.45
Rx42 —51.40 —64.61 —53.29
Rx43 —56.10 —56.47 —52.33
Rx44 —53.30 —63.48 —59.66
Rx45 —53.50 —88.11 —56.81
Rx46 —51.60 —58.50 —55.33
Room  Rx47 —55.40 —56.69 —59.66
4 Rx48 —55.30 —83.16 —52.54
Rx49 —61.90 —63.17 —66.44
Rx50 —51.00 —70.17 —55.56
Rx51 —54.80 —68.15 —52.33
Rx52 —57.60 —49.71 —56.56
Rx53 —53.60 —61.35 —52.33
Rx54 —57.70 —59.16 —57.55
Rx55 —57.80 —62.06 —57.44
Rx56 —57.40 —64.35 —58.67
Rx57 —57.50 —62.09 —55.76
Rx58 —59.90 —55.03 —56.33
Rx59 —57.80 —59.09 —56.29
Rx60 —61.60 —69.57 —65.56

Table 3 (continued)

Receiver Measurement SBRT APSM
ID RSSI (dBm) Method Method
RSSI (dBm) RSSI (dBm)
Room Rx61 —49.80 —55.75 —45.67
2 Rx62 —45.90 —58.55 —45.76
Rx63 —51.80 —73.20 —44.56
Rx64 —51.40 —62.91 —50.33
Rx65 —55.30 —62.26 —55.33
Room  Rx66 —56.80 —59.61 —56.99
6 Rx67 —59.30 —63.32 —56.22
Rx68 —59.50 —63.68 —57.2
Rx69 —58.90 —62.88 —56.34
Rx70 —57.50 —71.73 —55.78
Rx71 —54.30 —57.41 —51.44
Rx72 —57.00 —63.57 —56.56
Rx73 —66.20 —69.22 —65.44
Rx74 —66.40 —69.71 —68.62
Rx75 —65.20 —68.11 —67.6
Rx76 —60.00 —63.53 —59.78
Rx77 —53.00 —63.83 —56.35
Rx78 —52.80 —56.48 —52.32
Rx79 —54.20 —-72.41 —51.34
Room  Rx80 —67.20 —79.41 —62.78
5 Rx81 —69.60 —87.70 —68.83
Rx82 —71.50 —77.65 —69.89
Rx83 —74.80 —81.13 —78.51

the SBRT method, while in APSM it is shown in Rx50 which
has —4.56 dBm.

In Room 2, SBRT shows the average difference of —11.694
dBm whereas APSM shows the average difference of only 2.51
dBm. For Room 6, Rx70 shows the largest RSSI difference of
—14.23 dBm since it is placed at the centre of the hall. In
APSM, Rx66, Rx74, Rx75 and Rx77 have the best RSSI rep-
resentation corresponding to measurement results. Lastly, in
Room 5, APSM also demonstrates good alignment to mea-
surement data with an average difference of 0.7725 dBm, com-
pared to —10.6975 dBm in SBRT. Fig. 7. shows the
comparison of APSM and SBRT corresponding to measure-
ment RSSI at 4.5 GHz.

B. Results for 28 GHz

Fig. 8 (a) and (b) show the 2-D and 3-D layouts of SBRT
method simulations at 28 GHz, respectively. Similarly, 2-D
and 3-D layouts for the APSM simulation at the same fre-
quency are shown in Fig. 8 (¢) and (d).

Fig. 9 shows the RSSI data obtained from the measurement
campaign (section IV-A), SBRT method, and APSM method
implemented in the simulation (section IV-B) at 28 GHz for
the LoS and NLoS scenarios and presented in Table 4 for all
scenarios.

Table 4 shows the RSSI data obtained from the measure-
ment campaign (section V-A), SBRT method, and APSM
method implemented in the simulation (section V-B) at
28 GHz. The mean RSSI from measurement is —75.77 dBm.
In the SBRT method, the mean RSSI is —87.17 dBm while
in the proposed APSM it is —77.69 dBm. The average RSSI
difference derived from the table is —11.41 dBm in SBRT
and —1.93 dBm in APSM. The overall simulation result in
the proposed APSM is more accurate since it has a lower error
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Fig.8 (a) 2-D Layout of SBRT Method after simulation at 28 GHz, (b) 3-D Layout of SBRT Method after simulation at 28 GHz, (c) 2-
D Layout of APSM after simulation at 28 GHz, (d) 3-D Layout of APSM after simulation at 28 GHz.
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Fig. 9 RSSI data for measurement campaign (section 1V-A), SBRT method and APSM method implemented in the simulation at
28 GHz (section IV-B) (a) Los and (b) NLoS.

Table 4 SIMULATION RESULT AT 28 GHZ. Table 4 (continued)
Receiver Measurement SBRT APSM Receiver Measurement SBRT APSM
ID RSSI (dBm) Method Method ID RSSI (dBm) Method Method
RSSI (dBm) RSSI (dBm) RSSI (dBm) RSSI (dBm)
LoS Rx1 —57.90 —82.01 —59.32 Room  Rx38 —55.40 —73.93 —59.89
Rx2 —55.10 —81.14 —60.43 1 Rx39 —67.50 —78.56 —68.45
Rx3 —56.90 —78.92 —58.11 Rx40 —72.60 —81.16 —78.50
Rx4 —59.50 —79.63 —58.45 Rx41 —66.50 —75.02 —67.90
Rx5 —58.60 —-92.05 —61.33 Rx42 —61.60 —69.19 —67.56
Rx6 —66.50 —93.59 —67.28 Rx43 —59.00 —68.23 —61.44
Rx7 —58.80 —85.59 —62.99 Rx44 —73.80 —76.21 —75.44
Rx8 —61.40 —79.69 —63.76 Rx45 —68.20 —79.26 —71.67
Rx9 —67.80 —112.18 —68.34 Rx46 —64.30 —76.61 —67.56
Rx10 —66.50 —-97.74 —68.23 Room  Rx47 —69.80 —74.55 —70.12
RxI11 —77.90 —87.89 —78.34 4 Rx48 —74.10 —83.39 —72.23
RxI12 —70.30 —179.61 —72.54 Rx49 —79.80 —89.62 —81.12
RxI13 —69.10 —-79.1 —71.33 Rx50 —67.10 —80.06 —69.76
Rx14 —66.00 —85.16 —67.49 Rx51 —80.50 —76.55 —83.67
RxI15 —64.10 —81.83 —68.34 Rx52 —80.70 —79.59 —81.45
Rx16 —63.40 —81.9 —65.45 Rx53 —71.90 —75.56 —75.56
NLoS  RxI7 —71.20 —83.2 —68.78 Rx54 —70.20 —74.12 —73.45
Rx18 —78.80 —86.51 —75.33 Rx55 —79.20 —84.74 —84.33
Rx19 —77.00 —86.1 —78.56 Rx56 —77.70 —80.96 —79.67
Rx20 —87.50 —96.63 —89.33 Rx57 —78.40 —79.57 —80.33
Rx21 —86.80 —95.33 —89.98 Rx58 —61.00 —62.41 —63.45
Rx22 —90.60 -97.19 —90.76 Rx59 —76.00 —96.11 —79.67
Rx23 —88.70 —95.87 —90.45 Rx60 —76.40 —95.94 —78.54
Rx24 —92.00 —95.03 —91.11 Room  Rx61 —64.40 —77.28 —67.34
Rx25 —87.30 —95.99 —90.34 2 Rx62 —60.00 —70.59 —64.37
Rx26 —85.70 —-93.12 —87.33 Rx63 —67.10 —77.59 —68.33
Rx27 —89.00 —-97.03 —90.87 Rx64 —60.30 —71.03 —66.78
Rx28 —89.20 —97.39 —87.55 Rx65 —65.80 —77.93 —67.67
Rx29 —89.60 —96.69 —87.55 Room  Rx66 —75.70 —89.26 —77.67
Rx30 —95.00 —99.88 —95.45 6 Rx67 —79.20 —91.08 —81.78
Rx31 —88.90 —-96.03 —87.78 Rx68 —76.40 —90.01 —76.89
Rx32 —98.00 —108.1 —98.76 Rx69 —69.90 —82.65 —70.34
Rx33 —99.50 —109.93 —100.45 Rx70 —76.10 —87.17 —78.78
Room  Rx34 —74.20 —-97.73 —77.67 Rx71 —74.50 —85.54 —75.67
3 Rx35 —75.60 —95.03 —78.77 Rx72 —79.30 —-91.63 —81.56
Rx36 —67.80 —87.54 —69.91 Rx73 —90.30 —-92.36 —95.87

Rx37 —91.00 —98.61 -92.67 Rx74 —93.50 —99.12 —97.67
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Table 4 (continued)

Receiver Measurement SBRT APSM
ID RSSI (dBm) Method Method
RSSI (dBm) RSSI (dBm)
Rx75 -90.50 —95.65 —-92.45
Rx76 —89.20 —96.47 —90.54
Rx77 —82.90 —94.69 —84.37
Rx78 —80.00 —93.33 —83.66
Rx79 —80.80 —91.81 —81.45
Room  Rx80 —94.70 —96.74 —94.56
5 Rx81 -92.10 —-92.19 —93.45
Rx82 —94.90 —96.5 —95.78
Rx83 -96.10 —96.39 —98.56

percentage of 2.53 % compared to the conventional SBRT
method which has a 15.05 % error. APSM has achieved a
61.93 % reduction with only 24,672 rays launched, compared
to 64,800 rays launched in SBRT. In terms of time taken for
simulation, APSM takes 7425.55 ms to launch all the rays
compared to 23317.4419 ms taken in the SBRT method. In
the other words, APSM is 68.15 % faster than the conven-
tional method at 28 GHz.

Similarly, in section V-A, Rx1 to Rx16 are placed to repre-
sent LoS scenario. The largest RSSI difference in SBRT can be
seen in Rx9 with —44.38 dBm, whereby the difference is
reduced effectively in APSM with —0.54 dBm difference. The
closest values in Room 1 are —9.31 dBm by Rx12 and —0.44
dBm by Rx11, for SBRT and APSM, respectively. For the
NLoS scenario, all the receivers in APSM have good alignment
to the measured RSSI compared to the SBRT method,
whereby in SBRT Rx17, Rx32 and Rx33 have high differences

of —12.00 dBm, —10.10 dBm, and —10.43 dBm, respectively.
The RSSI value is quite high in Room 3 due to the many
obstacles and wall partitions that separate the rooms. This is
reduced in APSM in which the lowest difference of —1.67
dBm is achieved by Rx37. In-Room 1, Rx38 shows the high
RSSI difference of —18.53 dBm, but it is reduced to —4.49
dBm in APSM for the same receiver. Similarly, APSM also
aligns better than SBRT by reducing the RSSI difference from
—12.96 dBm to —2.66 dBm at Rx50, —20.11dBm to —3.67
dBm at Rx59, and —19.54dBm to —2.14 dBm at Rx51. In-
Room 2, the average RSSI difference is —11.364 dBm, while
APSM improves it to —3.378 dBm. The fluctuations in RSSI
difference in Room 6 through SBRT also minimize in APSM
with the highest difference of —4.17 dBm at Rx74 and lowest
difference of —0.44 dBm at Rx69. Lastly, in Room 5, the
improvement is less significant in APSM with an average dif-
ference of —1.129 dBm, compared to —1.005 dBm in SBRT.
Fig. 10 shows the comparison of the APSM and SBRT corre-
sponding to measurement RSSI at 28 GHz.

C. Results for 38 GHz

Fig. 11 (a) and (b) show the 2-D and 3-D layouts of SBRT
method simulations at 38 GHz, respectively. Similarly, 2-D
and 3-D layouts for the APSM simulation at the same fre-
quency are shown in Fig. 8 (¢) and (d).

Fig. 12 shows the RSSI data obtained from the measure-
ment campaign (section IV-A), SBRT method, and APSM
method implemented in the simulation (section IV-B) at
38 GHz for the LoS and NLoS scenarios and presented in
Table 5 for all scenarios.

Table 5 shows the RSSI data obtained from the measure-
ment campaign (section IV-A), SBRT method, and APSM

Rl

Comparison of APSM and SBRT corresponding 1o Measurement R5SI at 28GH:z

Fig. 10 Comparison of APSM and SBRT corresponding to RSSI Measurement at 28 GHz.
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Fig. 11  (a) 2-D Layout of SBRT Method after simulation at 38 GHz, (b) 3-D Layout of SBRT Method after simulation at 38 GHz, (c)

2-D Layout of APSM after simulation at 38 GHz, (d) 3-D Layout of APSM after simulation at 38 GHz.
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Fig. 12 RSSI data for measurement campaign (section IV-A), SBRT method and APSM method implemented in the simulation at

38 GHz (section 1V-B) (a) Los and (b) NLoS.

method implemented in the simulation (section IV-B) at
38 GHz. The mean RSSI from measurement is —85.68 dBm.
The mean RSSI in the SBRT method is —95.14 dBm with an
average RSSI difference of —9.45 dBm, compared to measure-
ment data. Conversely, the proposed APSM method has a

mean RSSI of —84.32 dBm with an average RSSI difference
of 1.36 dBm compared to the measurement result. For
38 GHz cases, the percentage of error in ASPM is also lower
compared to the conventional SBRT method. For example,
APSM achieved a 1.59 % error corresponding to measured
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Table S SIMULATION RESULT AT 38 GHz

Table 5 (continued)

Receiver  Measure- SBRT APSM Receiver  Measure- SBRT APSM
ID ment RSSI Method Method RSSI 1D ment RSSI Method Method RSSI
(dBm) RSSI (dBm)  (dBm) (dBm) RSSI (dBm)  (dBm)
LoS Rx1 —73.10 —89.65 —75.01 Room Rx61 —79.60 —84.7 —75.67
Rx2 —67.90 —85.98 —73.22 2 Rx62 —65.30 —81.36 —60.76
Rx3 —67.30 —85.36 —71.03 Rx63 —75.40 —87.04 —74.56
Rx4 —68.90 —98.19 —72.55 Rx64 —68.80 —77.06 —70.33
Rx5 —73.60 —89.13 —80.98 Rx65 —72.40 —85.31 —75.33
Rx6 —69.60 —84.55 —72.94 Room Rx66 —90.50 —-99.93 —86.99
Rx7 —74.20 —-92.67 —71.7 6 Rx67 —87.00 —98.74 —86.22
Rx8 —72.10 —90.98 —70.16 Rx68 —89.10 —99.42 —87.2
Rx9 —75.70 —-92.9 —68.27 Rx69 —84.10 —87.61 —86.34
Rx10 —77.80 —97.56 —69.42 Rx70 —83.60 -90.76 —85.78
Rx11 —76.50 —83.06 —73.32 Rx71 —81.90 —-93.93 —81.44
Rx12 —70.70 —88.59 —73.87 Rx72 —88.20 —89.69 —86.56
Rx13 —76.40 —-97.05 —74.45 Rx73 —98.40 —-99.5 —95.44
Rx14 —76.80 —-97.67 —-79.4 Rx74 —102.40 —113.32 —98.67
Rx15 —75.60 -93.61 —79.33 Rx75 —-99.20 —112.17 —-97.6
Rx16 —175.40 —-93.03 —74.24 Rx76 —94.90 —101.99 —96.78
NLoS Rx17 —92.50 —100.07 —89.9 Rx77 —-97.30 —111.28 —96.34
Rx18 —89.60 —95.79 —84.6 Rx78 —95.00 —103.52 —-92.34
Rx19 —-97.90 —106.24 —99.81 Rx79 —-94.10 —98.15 —-91.32
Rx20 —93.00 —104.43 —88.65 Room Rx80 —99.80 —106.56 —92.76
Rx21 —103.30 —109.61 —98.56 5 Rx81 —102.00 —110.41 —98.89
Rx22 —95.40 —104.93 —97.67 Rx82 —106.10 —113.77 —99.89
Rx23 —94.90 —105.99 —89.65 Rx83 —97.00 —-99.91 —98.56
Rx24 —94.70 —105.62 —89.89
Rx25 —-97.90 —108.62 —-92.76
Rx26 —97.40 —108.2 —94.87
Rx27 —99.40 —110.36 —96.65 RSSI, while SBRT has a percentage error as high as 11.04 %.
g:gg _713238 _}?233 :g;zg In terms of the launched ray, APSM improves the ray-tracing
’ ’ ' by 63.96 % since the proposed method reduces the number of
Rx30 —101.20 —105.38 —98.76 R
Rx31 102,30 ~107.29 9743 rays launched from 64,800 in SBRT to 23352. APSM also
Rx32 —101.70 —105.03 9720 reduces computational time with only 7320.55 ms required
Rx33 ~107.10 —110.55 —99.56 for the whole ray-tracing simulation, whereby the SBRT
Room Rx34 —83.60 —95.46 —85.67 method requires 10321.55 ms.
3 Rx35 —89.90 —100.44 —86.9 The power level in terms of RSSI decreases in 38 GHz com-
Rx36 —86.60 -97.13 —85.34 pared to 4.5 GHz and 28 GHz. In LOS condition, Rx4 pos-
Rx37 —108.30 —108.62 —99.98 sesses the largest RSSI difference of —29.29 dB in the SBRT
Room  Rx38 —72.20 —76.94 —79.33 method, while this is improved in ASPM with only —3.65
1 Rx39 —78.20 —82.7 —79.67 dBm difference. Most of the Rx have a close alignment with
120 2t Al —1997 the measured RSST except Rx9 and Rx10, while the receivers
Rx41 —175.20 —79.1 —76.66 . .
Rx42 6960 _78.06 _7329 may not receive all the rays due to shorter paths travelling at
Rx43 —73.00 _83.55 _72.33 a high 38 GHz frequency. In NLoS scenario, APSM has
Rx44 ~85.20 _91.81 _79.66 achieved the maximum RSSI difference of 6.81 dBm at Rx29
Rx45 —75.40 ~79.1 —76.81 and a minimum of —0.08 dBm at Rx28. Meanwhile, in SBRT,
Rx46 —76.80 —80.18 —75.33 Rx20 has the largest RSSI difference at —11.43 dBm and the
Room Rx47 —81.90 —88.66 —179.66 smallest of —1.50 dBm at Rx28. APSM also reduces the aver-
4 Rx48 —84.50 —91.09 —82.54 age RSSI difference in Room 3, from —8.3125 dBm to 2.6275
Rx49 —89.60 —93.79 —86.44 dBm. In-Room 1, SBRT has the largest RSSI difference at
— —71.00 grood —73.56 Rx43 with —10.55 dBm, while APSM only has the largest devi-
Eig; :gggg :g?; :gézz ation of —7.13 dBm at Rx38. Similarly, in Room 4, all the
Rx53 ~79. 50 8445 _82.33 receivers especially Rx54, Rx55, Rx56, and Rx60 have the clos-
Rx54 —71.00 _78 64 ~70.55 est RSSI value corresponding to measured RSSI with less than
Rx55 ~90.10 _96.11 ~89.44 a dBm difference. For Room 2, there is also a significant
Rx56 —78.80 —91.21 —78.67 improvement of the average received power level difference
Rx57 —79.70 —85.91 —75.76 from —10.794 dBm in SBRT to 0.952 dBm. In-Room 6, SBRT
Rx58 —77.40 —83.47 —76.33 has large RSSI difference at Rx67, Rx68, Rx71, Rx74, Rx75
Rx59 —87.40 —92.11 —86.29 and Rx77, namely, —11.74dBm, —10.32dBm, —12.03dBm,
Rx60 —86.10 —-93.25 —85.56

—10.92dBm and —13.98dBm, respectively All these deviations
have been reduced effectively to 0.78dBm, 1.90dBm, 0.46dBm,
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Comparnison of APSM and SBRT corresponding to Measurement RSS] ar 38GHz
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Fig. 14 Comparison of APSM and SBRT corresponding to Measurement RSSI at 38 GHz.

Table 6 SUMMARY OF MEASUREMENT, SBRT AND APSM RESULT

Frequency (GHz) 4.5
Method Measurement SBRT APSM
Mean (dBm) —59.54 —67.25 —60.85
Average RSSI Difference (dBm) - —-7.71 —1.31
Total Number of Ray Launched - 3240 1412
Time taken (ms) - 23317.4419 7620.55
Frequency (GHz) 28
Method Measurement SBRT APSM
Mean (dBm) —75.77 —87.17 —77.69
Average RSSI difference (dBm) - —11.41 —1.93
Total number of rays launched. - 3240 1329
Time taken (ms) - 23317.4419 7425.55
Frequency (GHz) 38
Method Measurement SBRT APSM
Mean (dBm) —85.68 —95.14 —84.32
Average RSSI difference (dBm) — —9.45 1.36
Total number of rays launched - 3240 1246
Time taken (ms) - 10321.5555 7320.55
3.73dBm and 0.96dBm, respectively, in APSM. Lastly, in T_ K()H OV) }
( ! =tX |[|[-——X—]+4n (19)
Room 5, ASPM improves the ray tracing process from an Ap A0

average of —6.4375 dBm to 3.7 dBm.
Fig. 14 shows the comparison of the APSM and SBRT cor-
responding to measurement RSSI at 38 GHz.

D. Complexity Analysis of Proposed Method

In the proposed APSM, the rays have been predefined to a
specific direction compared to the conventional SBRT method
which shoots the rays randomly, therefore the proposed
method greatly reduces the computational complexity and
time. The simulation time, T, in APSM can be simplified by
Eq. (19).

Here, 0y is the horizontal angle range of launching ray, 0 is
the vertical angle range of launching ray, A is the horizontal
angle step size of launching ray, A0 is the vertical angle step
size of launching ray, ¢ is the average simulation time for single
ray, and n is the number of successive directions in Step III
(refer to section III). In this research, 0y is set from 157.5°
to 175.5°, covering the range of 18°. A¢ is n/60 which effec-
tively reduces the number of launching rays compared to the
conventional method. The summary of the results is shown
in Table 6.
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(a) Comparison of mean RSSI for APSM and SBRT corresponding to Measurement at 4.5, 28 and 38 GHz, (b) Comparison of

the number of rays for APSM and SBRT at 4.5, 28 and 38 GHz, (c¢) Comparison of time taken in APSM and SBRT at 4.5, 28 and 38 GHz
(d) Contour plot mapped to WCC block P15a building layout at 4.5 GHz.

The RSSI comparison in Fig. 15. (a) demonstrated the
robustness of APSM based on measurement concerning
SBRT. The number of ray launching is greatly reduced for
APSM in Fig. 15. (b) with a different frequency as ray lunch
predefined specific direction which reduces the complexity con-
cerning SBRT. Fig. 15. (c) demonstrated the important mile-
stones to ray tracing technology based on simulation time of
APSM compare to the SBRT. Finally, the APSM method
reduced the complexity of ray tracing in the field of radio prop-
agation prediction.

7. Conclusion

In this article, APSM is proposed at 4.5 GHz, 28 GHz, and
38 GHz to investigate indoor radio propagation for potential
communication system development. A measurement cam-
paign has been conducted to obtain the data in terms of RSSI.
The APSM has been evaluated along with the conventional
SBRT method with the same building layout where the mea-
surement is conducted. In contrast to other works where walls
were considered as the only obstacles, the attenuation from the

ceiling and floor were accounted for in this work, for a more
realistic building layout modeling. Power levels in terms of
RSSI obtained from APSM and SBRT are compared to the
measurement result. The comparison results show that the
APSM achieves higher RSSI accuracy compared to SBRT.
APSM has effectively minimized the computational resources
and time needed by 60 %, without reducing the valid ray paths
between Tx and Rx at 4.5 GHz, 28 GHz, and 38 GHz. For
future work, the APSM can be extended to outdoor radio
wave propagation. More research is needed for further
improvement in the speed and accuracy of the APSM in a
crowded scenario. The Multiple-Input and Multiple-Output
system can be implemented through the APSM simulation.
Implementing the APSM in multiple cell and further research
can be a very good solution for 5G network planning.
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