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This paper presents accurate empirical path loss models with route classification for the high band frequency of 5G wireless.
Propagation path routes are mainly classified into line of sight (LOS) and non-line-of-sight (NLOS). The NLOS routes are
classified into 2 separate routes, namely, Hard_NLOS and Soft_NLOS. Their path loss models include free-space loss (L) and
multiscreen diffraction loss (Lsq) together with the reflection from the building blocks. However, these NLOS routes can be
combined into a single formula. The path loss models were fitted with measured path loss data at frequencies of 28 GHz and
73 GHz. These models are compared with four 5G empirical models, namely 5GCM, 3GPP, METIS, and mmMAGIC. The results
show that the separated route models provide good agreement, especially for the hard routes compared with those models and
provide the minimum MAE of 4.45 dB, 4.34 dB, and 6.72 dB for the hard route, soft route, and an all-NLOS route, respectively, for

the dual-band frequency.

1. Introduction

Wireless data transmission has been increasing with the rise
of the Internet of Things (IoT) and high-speed movie
downloads. The IoT has found its wide applications, in-
cluding the application of smart cities, smart health care
systems, intelligent transportation, climate monitoring,
smart farming, and industrial robots. The above networks
need very high-performance communications and stability.
Therefore, the fifth generation (5G) of mobile communi-
cations challenges daily life to the new normal, including
working from home. The propagation path loss models for
millimeter waves in high band frequencies (above 24 GHz)
are an important thing for connecting the communication of
both 5G nonstand alone and 5G standalone networks.

1.1. Background and Related Works. There are three types of
path loss models that are commonly used, namely empirical

model, semideterministic model, and deterministic model.
The empirical models developed from an intensive mea-
surements of 5G [1, 2] are often used since they need only
frequency, path loss exponent (PLE), and distance to
compute the path loss for macro and microcell planning. In
[1-3], the PLEs are provided for the frequencies of 28 GHz,
38 GHz, 60 GHz, and 73 GHz. The probabilistic model was
proposed based on the probability distribution for the line of
sight (LOS) and non-line-of-sight (NLOS) at 1 m close-in
free space reference distance (CI) model and the floating-
intercept model (FI) [4]. The three large-scale path loss
models [5] are investigated, namely, the Alpha-Beta-Gamma
(ABG) model, the CI model, and the CI model with a
frequency-weighted path loss exponent (CIF). The com-
parison of these models is discussed. In [6], path loss models
are discussed for urban street canyons both floating intercept
(FI) and fixed reference (FR) at frequencies of 0.8 to
60.4 GHz. Correction factors [7] are modified for CI path
loss models at 60 GHz and 73 GHz for both LOS and NLOS
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scenarios. In [8], the fitting the path loss model used
weighted distances and censored path loss data in order to
improve the accuracy of prediction at a frequency of 28 GHz.
Also, in [9], ray-tracing simulations together with mea-
surements are used to model 28 GHz empirical path loss. An
overview of empirical path loss models is discussed in [2] for
LOS and NLOS millimeter waves in both indoor and out-
door environments. Two slope path loss models with critical
distances are analyzed and the high performance for ap-
plication is shown [10]. The path loss models provide more
accurate predictions compared with the single slope path
loss models. Additionally, path loss models with two fre-
quency bands are applied for improving localization of WSN
[11].

The second type, the semideterministic models are also
often used since they need not only the parameters of the
empirical models but also some information about the
propagation path, such as the propagation route, the height
of the building, the distance between the mobile device and
the last building, and the width of the road. These models
provide accurate path loss and are used for planning or
solving the communication network. For semideterministic
models, there are previous studies. Xia et al. [12, 13] pro-
posed path loss formulas for microcells in low-rise and high-
rise building environments at frequencies of 0.9 to 2.0 GHz.
This model classified the NLOS routes and provided the
individual models together with an all-NLOS model. The
COST 231 WI model [14-17] is also a popular prediction
tool for microcell environments at frequencies of 0.8 GHz to
2.0 GHz. Guan et al. [18] proposed an advanced Hata model,
including obstacles with Fresnel parameters that are used to
determine the path loss of a high-speed railway. Bhuva-
neshwari et al. [19] proposed a hybrid WI model by in-
cluding multiple reflection loss from ray tracing. Wang et al.
[20] proposed a semideterministic model at a semi-
deterministic model at a frequency of 5.2 GHz by using a
theory of diffraction at the roof top of the building. Kart-
tunen et al. [21] proposed NLOS propagation behind the
second diffraction and modelled the path loss at a frequency
of 28 GHz. However, this model is complex and difficult to
use. Additionally, a multihop data routing with reinforce-
ment learning method has been proposed for IOT networks
[22]. This research shows a high performance in terms of
energy efficiency and quality of service (QoS). Intelligent
surfaces are applied to reduce path loss in NLOS routes on
the mmWave communications [23].

Finally, in the last type, the deterministic models need
details of digitized maps and materials of buildings, which
take a lot of time for computing. There are path loss models
based on theory [24, 25]. These models are also often used to
calibrate empirical models [8, 9] and semideterministic
models [19, 21].

1.2. Contributions. Although the above empirical models
[1, 2] are popular used, however, they provide large errors in
the case of full obstruction between transmitter and receiver.
The semideterministic models [12-21] are provide an accuracy
prediction, however, they need details of the propagation
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Figure 1: LOS and NLOS routes in street canyon (idealized
scenario).

scenario for calculation such as building height, width of road,
and distance between receiver and the last building, and so on.
In order to solve the above problems, this paper proposes path
loss models that are separated the NLOS routes to provide an
accuracy pathloss prediction. The convectional Xia model [12]
was modified to classify the propagation routes, namely, the
soft route and the hard route. The researcher proposed path
loss modeling with route classification at frequency of 28 GHz
and 73 GHz for 5G networks. Section 2 presents accurate path
loss models. Section 3 presents path loss data. Section 4 results
and discussions are presented. Finally, Section 5 presents
conclusions.

2. Accurate Path Loss Models

An empirical path loss model for urban environment was
applied to predict path loss by using 3D maps of buildings.
Propagation path routes are mainly classified into line of
sight (LOS) and non-line-of-sight (NLOS). The NLOS routes
are classified into 2 routes, namely, hard and soft routes.
Soft routes as shown in Figure 1. In the case of the hard
route, the transmitting waves diffract at several corners of
the buildings, as shown by the solid red line in Figure 1. This
makes the path loss very high, while in the case of the soft
route, the transmitting waves diffract at only one corner, as
shown by the dotted red lines in Figure 1. However, the soft
route may become a hard route when there are trees in the
route, while the hard route will become a soft route when the
dominant wave propagates via open buildings. For low-rise
building environments in which base station antennas are
near to or above the roof tops of the buildings, the wave
propagation takes place around the roof tops through dif-
fractions and reflections at the building surfaces as shown in
Figure 2(a). While the high-rise building environment or
low antenna height in which base station antennas are below
the tops of the surrounding buildings, the propagation takes
place around the sides of the buildings through reflections at
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FIGURE 2: Mechanism of diffraction around the buildings. (a) Over rooftop. (b) Building corner.

the building surfaces and diffractions at the building corners,
as shown in Figure 2(b). The total path losses can be ap-
proximated as a sum of the free-space loss (Ls) and the
multiscreen diffraction loss. There are two types of path loss
modes, namely, CI model and ABG model.

The path loss generally consists of two theory fixed
terms, called “Close-in free space reference distance (CI)”
including one parameter (1) needs to be optimization.

PL(d) = C1; + C2log(f) + C3;log(dsp), (1)

where d;;, is the mobile 3D Euclidean distance from
transmitter (m), f¢ is frequency in GHz, C1; and C2; are fixed
arbitrary constants and C3,/10 is path loss exponent (PLE,
n). Subscripts i are the numbers of 1 to 3 for hard, soft and
all-NLOS routes respectively. However, LOS in the urban
area has a wave guiding effect from a street canyon with
surrounding buildings. The fixed terms do not match the
theory and depend on the environment.

2.1. ABG Model. The path loss consists of sum of 3 terms ar-
bitrary constants, namely, Alpha («), Beta (), and Gamma (y),

PL(d) = 10a;log (d;p) + B; + 10y,log (f ), )

where d, is the mobile 3D distance from transmitter (m), fg
is the frequency (GHz). Subscripts i are the numbers of 1 to 3
for hard, soft, and all-NLOS routes, respectively.

3. Path Loss Data

The researchers used measured path loss data in the dense
urban environment around New York University’s (NYU)
campus area in Manhattan, NY, USA, based on a three-
dimensional building as shown in Figures 3 and 4 for
modeling [26]. The measurements were performed for a
microcell by omnidirectional large-scale LOS and NLOS.
The 28 GHz transmitters were located at three sites on the
buildings at 7 and 17 m. above ground, as shown by yellow
star marks in Figure 3, while the 73 GHz transmitters were
located at five sites on the buildings at 7 and 17 m. above
ground, as shown by the yellow star marks in Figure 4. A
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Figure 3: 3D building map of TX and RX locations around an

urban area for 28 GHz measurements; stars indicate TX locations
and dots indicate RX locations.
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FIGURE 4: 3D building map of TX and RX locations around an

urban area for 73 GHz measurements; stars indicate TX locations
and dots indicate RX locations.
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TaBLE 1: Summary of the measurement parameters.

PL (dB
Frequency (GHz) Tx (m) Rx (m) Route Number of locations ) (dB)
Min. Max.
LOS 5 88.4 100.8
NLOS
28 717 L5 (i) Hard 14 118 149.2
(ii) Soft 6 115.6 124.8
LOS 9 97.8 108.4
NLOS
73 717 24 (i) Hard 31 132 159.7
(ii) Soft 22 117.4 145.9

total of 96 path loss data points were recorded for the
frequencies of 28 GHz and 73 GHz. A total of totally 87 path

TABLE 2: Summary of the CI arbitrary constants 28 GHz.

loss data points were used for modeling. The receiver moved  pah type Route Arbitrary constant MAE
along the road at 1.5, 2, and 4.06 m above ground (circular 1 2 a3 €
dots) within a 590 m X 550 m area. The road width is about LOS All 32.4 20 20.5 3.17
20m from the front of the building beside the road. Most Hard 324 20 36.6 5.04
buildings in the area are about 20-60 m high, with an av- NLOS Soft 324 20 27.3 3.52
All 32.4 20 33.9 7.51

erage of about 53.1 m. and a building density of about 65% in
the area. In this paper, the parameters for path loss modeling
are the propagation routes and 3D distance between the
transmitter and the receiver. The LOS routes, as shown by

TasLE 3: Summary of the CI arbitrary constants of 73 GHz.

green dots in Figures 3 and 4, are in the street canyon and Path tvpe Route Arbitrary constant MAE
beside the buildings, with minimum and maximum ranges P C1 2 C3 £
of 31 m. and 102 m., respectively. The researchers classify LOS All 32.4 20 20.9 438
NLOS routes into 2 categories, namely hard and soft NLOSs. Hard 304 20 371 42
The hard NLOS consists of transverse and staircase routes NLOS Soft 32.4 20 31.0 3.76
which are NLOS streets behind two corners of one or two All 32.4 20 34.0 6.47

buildings, as shown by the red dots in Figures 3 and 4. While
the soft NLOS, or the lateral routes, are NLOS streets from
only one corner of a building, as shown by white dots in
Figures 3 and 4. The PL values of hard NLOS with higher
frequency are generally higher than soft NLOS as shown in
Table 1. The maximum distance in this measurement is
186 m. with a PL of 149.2 dB and a frequency of 28 GHz. In
the case of 73 GHz, the maximum distance is 182 m. with PL
of 156.2dB. This confirms that path loss modeling can be

PLhardNLOSZS (d) =32.4+20logf; +36.6logd;p.  (5)

PL (d) =32.4+20logf;+33.9logd;p.  (6)

aHNL0828

4.1.2. Frequency of 73 GHz.

PL d)=324+201 +20.9logd . 7
used for 5G microcells. All distances are 2D or horizontal LOS”( ) °8fc 084D @)
distance, which can be transformed to 3D with relative g - 1 lood

antenna heights for path loss modeling. P Lsoftmos73( ) =324+ 20logf + 31logd,p,. (8)

4. Results and Discussions

The researchers proposed path loss models by fitting the
classified PL data. The PL models will be the close-in free
space reference distance (CI) path loss model (with a 1 m
reference distance) for narrow bands and dual band fre-
quency (28 GHz and 73 GHz) for high-rise buildings, which
influence the dominant path of wave travel.

4.1. Single Frequency CI Models
4.1.1. Frequency of 28 GHz
PLis, (d) = 32.4 + 20log f; + 20.5logd;p. (3)

PL . (d) =32.4+20logf s +27.3logd;p. (4)

softyros,,

PLardy o, (d) =32.4+20logfs +37.1logd,p. (9)

PL (d) =32.4+20logf s + 34logd;p. (10)

allNLOS73

Path losses for each frequency are shown in equations
(3)-(10) and summarized in Tables 2 and 3. The LOS path
loss generally provides a constant C2 of 2.0 at both fre-
quencies. However, the path loss exponent n increases from
2.0 due to obstruction effects along the street canyons, es-
pecially at higher frequencies. The model provides a max-
imum prediction error of 3.23 dB at the frequency of 73 GHz
because of the scattering from many objects at a small
wavelength.

While at a frequency of 28 GHz, it provides a minimum
error of 3.17dB. This is because of the influence of wave
scattering at the lower frequency. In the case of NLOS, the
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FIGURE 5: Proposed Model at frequency of 28 GHz.

PLE (n) of the hard routes generally provide the highest
values because of multidiffraction at the building and/or
vegetation. While all-NLOS provides PL in the range be-
tween hard and soft routes (Figures 5-7). However, all
models provide the confidential interval within the accepted
value of 8 dB.

4.2. Dual Frequency (28 GHz and 73 GHz)

4.2.1. CI
PL; s (d) = 32.4 + 20logf ; + 20.6logd;p,. (11)
PL (d) = 32.4 +20logf +29.0logds,.  (12)
PL . q(d) =324 +20logf +36.8logd;p. (13)
PLy,, . (d) =32.4+20logf; + 34.1logd;p,. (14)
4.2.2. ABG
Leogy, o, (d) = 35.110 (d3p) +21.6 +21.5(f ), (15)

PLygra,,..(d) = 36.4log(dsp) +31.4 +20.910g(f), (16)

L, o (d) = 37.5log(dsp) +22.4 +21.4log(f). (17)

The dual frequency path loss models are shown in
equations (11)-(17) and summarized in Table 4. The path
loss exponents of all equations have the same trend as the
single frequency above. Additionally, the errors of these

5
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FIGURE 6: Proposed Model at frequency of 73 GHz.
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FIGURE 7: Proposed Model at frequency of 28 and 73 GHz.

TaBLE 4: Summary of the CI and ABG arbitrary constants of dual
frequency.

Arbit tant
Path type Route rottrary constan MAE
Cl(a) C2(B) C3(y) €
LOS All 32.4 20.0 20.6 3.89

Hard 32.4 (3.64) 20 (31.4) 36.8 (2.09) 4.46 (4.45)
Soft 32.4 (3.41) 20 (32.4) 29.0 (2.0) 4.34 (4.38)
All 324 (3.75) 20 (22.4) 341 (2.14) 6.72 (6.78)

NLOS
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TaBLE 5: Comparison of LOS path loss models.
Name LOS models MAE o
5GCM UMi street canyon PL = 32.4 +20log( f) + 21lod (d;p) 3.23 2.61
PL, =32.4+20log(f) + 21log(d;p)PL, = 32.4 + 40log(d;p)
2 2
3GPP UMi street canyon +20log (f) = 9.510g(dy,) ~ (hy, = ) 3.23 2.61
where dy,, = 4hyh,,/A
PL, =31.34+20log(f) — 1.381log(f) + 22log(d3p)10m <d,;, <d,, where, d,,
METIS =0.87 exp (—lOg(f))4 (hBS - lm) (hUE - lm)/ (065/\) 3.27 2.66
mmMAGIC PL = 32.4 +20.8log (f) + 19.2log (d5p,) 3.8 2.33
Proposed (28 GHz) PL =32.4+20log(f) + 20.5logd;, 3.17 1.97
Proposed (73 GHz) PL =32.4+20log(f)+20.9log(d;p) 3.23 2.35
Proposed (28-73 GHz) PL = 32.4+20log(f) +20.6log(d;p) 3.2 2.7

models are within the range of the accepted interval
(within 8 dB). However, the errors of LOS models (3.2 dB)
decrease from the averaging of the single frequency. For
NLOS, some measurement points of a soft route which
are defined in Section 2, become a hard route. This is
because there is vegetation or objects around the mea-
surement point, as shown in Figure 4 by the white dots
(RX26 and RX27). On the other hand, some measurement
points of the hard route become soft routes (RX19) with
the red dot in Figure 4 because of the open building on the
first floor. This makes the waves propagate via the
building blocks.

4.3. Comparison of Models. In order to compare the accurate
models with other models, four models are used, namely,
5GCM, 3GPP, METIS, and mmMAGIC [2].

(i) 5GCM UM street canyon (6 <f< 100 GHz)
LOS;

PL =32.4 +20log(f) +21log(dsp) (18)
NLOS;

PL =32.4+20log(f) +31.7log(dsp) (19)
(ii) (ABG)

PL =35.3log(d;p) +22.4 + 21.3log (f) (20)

(iii) 3GPP UM street canyon (0.5 <f< 100 GHz)
LOS;
PL, =32.4+20log(f) +21log(dsp),
PL, =324 +40log (dsp)+20log(f) (21)

- 9.51og(dy, — (h, - h,,)*)-

where d,,, = (4h,h,,/1)

Note that PL2 is not exist because dbp over 3,920 m
for 28 GHz and 73 GHz.

NLOS;

PL =35.3log(d;p) +22.4 + 21.31log (f) - 0.3(h,, — 1.5).
(22)
Option,
PL =32.4+20log(f) +31.9log(dsp). (23)
(iv) METIS
LOS;
L, =31.34+20log(f)-1.38log (f) +22log(d;p),

(24)
10, <d3p<d,,

where

dy, = 0.87 exp (~log(f))4 (hps — 1m) (hyg — 1m)/(0.651).

(25)
Note that PL, is not exist (d;, over 289 m for 28 GHz
and 73 GHz).
NLOS; (0.45 <f< 6 GHz) not exist
(v) mmMAGIC

LOS;
PL =32.9 +20.8log(f) + 19.2log(d;p) (26)
NLOS;

PL =31.0 + 20log(f) + 45log(d;p). (27)

The results show that the LOS of the proposed model and
other models provide a little good agreement for single and
dual frequency in the range of 3.17-3.23 as shown in
Figures 5-7 and Table 5. The proposed models of a single
frequency (28 GHz and 73 GHz) provide a minimum of both
MAE and o. All LOS models are close-in free space (CI)
except METIS and mmMAGIC. Their path loss exponents
before the breakpoint distance, d,,, are more than two except
in the mmMAGIC model. Note that all models used dis-
tances before d;, which are in the range of 289 m-3920 m at
the frequencies of 28 GHz and 73 GHz. In the case of NLOS,
the results show that the proposed models provide good
prediction especially in the case of hard routes compared
with other models as shown in Figures 5-7 and in Table 6,
while the ABG models (floating intercept) also provide the
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best MAE of 4.45, 4.38, and 6.78 of hard, soft, and all-NLOS
routes, respectively.

The arbitrary constants 5 of the proposed ABG models
are lower than free space (32.4) while its arbitrary constants
« (PLE) are higher than the free space (2.0) because these
values are the characteristics of the NLOS environments.
Note that the 5GCM and 3GPP models provide good
agreement (MAE of 4.7 dB and 4.75 dB) only for soft routes.
However, in the case of the hard route, they provide large
errors with an MAE of 10.46 dB and 11.23 dB for 5GCM and
3GPP, respectively. The mmMAGIC model provides an over
prediction, especially for soft routes, with 28.79 dB, as shown
in Table 6.

The correction term of the receiving antenna height in
the 3GPP NLOS model (equation (22)) does not provide the
large MAE for the hard route because the height of the
receiving antennas (2.0m and 4.06 m above ground) are
below the height of the buildings. The dominant waves are
attenuated from multidiffraction at the corner of the
buildings. The path loss exponents, or /10 of NLOS, are in
the range of 3.17-3.53 for general models, while the pro-
posed models are in the range of 3.66-3.71 for the hard
routes. This makes them provide good agreement for the
hard route.

Note that the mmMAGIC model provides the largest
path loss exponent of 4.5 so it makes an over estimated
prediction for both soft and hard routes. The other models
provide the best prediction only the soft routes except for the
mmMAGIC model. The proposed models for dual frequency
(CI and ABG) provide no significant difference of MAE
between soft routes and hard routes.

5. Conclusions

The researchers present an accurate empirically based path
loss model with route classification for high band frequency
of 5G wireless communication network. Propagation path
routes are mainly classified into the line of sight (LOS) and
non-line-of-sight (NLOS). The NLOS consists of 2 routes,
namely, Hard NLOS and Soft_ NLOS. Their path loss
models are investigated. The path loss models include free-
space loss and multiscreen diffraction loss together with the
reflection of the building blocks. However, these NLOS
models can be combined into a single formula. The path
loss models were fitted with measured path loss data at
frequencies of 28 GHz and 73 GHz. The researchers com-
pared the proposed model with four 5G empirical models
of both CI (CIF) and ABG types, namely, 5GCM, 3GPP,
METIS, and mmMAGIC. The results show that the pro-
posed NLOS models provide a good prediction, especially
for the hard routes compared with the conventional
models, while LOS models provide the same prediction as
the other models.
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