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This paper presents a NLOS (non-line-of-sight) path loss model for low-height antenna links in rectangular street grids to account
for typical D2D (device-to-device) communication link situations in high-rise urban outdoor environments. From wideband
propagation channel measurements collected in Seoul City at 3.7 GHz, we observed distinctive power delay profile behaviors
between 1-Turn and 2-Turn NLOS links: the 2-Turn NLOS has a wider delay spread. This can be explained by employing the idea
that the 2-Turn NLOS has multiple propagation paths along the various street roads from TX to RX, whereas the 1-Turn NLOS
has a single dominant propagation path from TX to RX. Considering this, we develop a path loss model encompassing 1-Turn and
2-Turn NLOS links with separate scattering and diffraction parameters for the first and the second corners, based on the Uniform
GeometricalTheory ofDiffraction. In addition, we consider the effect of building heights on path loss by incorporating an adjustable
“waveguide effect” parameter; that is, higher building alleys provide better propagation environments. When compared with field
measurements, the predictions are in agreement.

1. Introduction

Device-to-device (D2D) communication is increasingly
being discussed as an emerging mobile technology and its
importance is expanding as a solution to the challenge
of increasing areal capacity, as well as supporting disaster
situation communications [1, 2]. From the perspective of
radiowave propagation, this technology involves new propa-
gation behaviors for mobile communications since the height
of transmitters (e.g., base stations) is transitioning to near
ground levels for typical outdoor D2D uses in urban areas.
This leads to more interaction with objects in the close
neighbor surroundings [3]. Specifically, in high-rise building
environments, radiowaves from low-antenna terminals rarely
propagate over-rooftop paths via diffraction but do propa-
gate along the street roads [4]. Consequently, propagation
between low-antenna terminals in high-rise urban street
involves different NLOS (non-line-of-sight) behaviors with
“corners” in street grids acting as the shadowing objects for
NLOS conditions. Furthermore, the number of corner turns
in propagation paths is an important parameter for NLOS
propagation behaviors.

In this paper, we develop a NLOS path loss model for
low-height terminals in high-rise urban street environments,
in which corner-turning propagation paths along the street
grids involve the NLOS situations. We will focus on the path
loss prediction model for 1-Turn and 2-Turn NLOS links.
Any two locations in regular grids can be reached via up
to two corner turns. Thus, considering 1-Turn NLOS and 2-
Turn NLOS are enough to describe the path loss propagation
in street grids, which will be later clarified. Based on the
Uniform Geometrical Theory of Diffraction (UTD) [5], we
derive the path loss predictions with the corner-turning
effects, which include LOS-like propagation (e.g., free space
path loss) behaviors along the entire propagation path from
TX to RX.

By investigating the power delay profile from wideband
channel measurements collected in high-rise urban streets,
we observed pronounced differences in the characteristics
of 1-Turn and 2-Turn NLOS links. In particular, the 2-Turn
NLOS has a wider delay spread. To explain this phenomenon,
we develop a path loss model for 2-Turn NLOS links
separately from that for 1-Turn NLOS links. Building upon
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Lu et al.’s corner-turning path loss models [6], we derive
a path loss model considering separate behaviors of 1-Turn
and 2-Turn NLOS links. Additionally, we refine the free
space path loss model not only for LOS propagation but
also for NLOS propagation with an adjustable parameter
for waveguide effects. Note that depending on the sky-line
of cities, propagation behaviors vary due to the waveguide
effects; for example, higher buildings in Street Canyons
provide better propagation environments [7].

To validate the path loss model, we conducted measure-
ment campaigns in Seoul City at 3.7 GHz with a 20MHz
bandwidth. The predictions with the path loss model are in
agreement with the measured data. Although the proposed
path loss model has a relatively simple form, it does provide
reasonably accurate predictions for propagation behavior
between low-height terminals in high-rise environments.
From the perspective of the wireless system design and
evaluation process for D2D communications, we expect that
this new model will expedite, by simplification, the ability to
estimate radiowave coverage, amount of interference, radio
resource management, and so on.

Prior Work. There has been a considerable amount of prior
work on path loss characteristics for urban street environ-
ments. Xia et al. [8] investigated the dependency of path loss
on base station antenna height for urban NLOS propagation
situations. Nagata et al. [9] found out that reflection by build-
ing walls is one of the dominant propagation mechanisms.
With a ray tracing technique assuming that reflection by
building walls is dominant, Erceg et al. [10] developed a path
loss model in which the corner loss is characterized with
a sudden drop and a steep slope change. By adding effects
of diffraction, Erceg et al. [11] elaborated the path loss at
corners with the UniformGeometricalTheory of Diffraction.
Molisch et al. [12] also considered a geometrical approach by
introducing a local scatter model around mobile terminals.
This approach was further investigated by Sun et al. [13]
to combine both geometrical ray reflection and diffraction
theories, whichwas then extended to consider a 2-turn corner
loss as well. Similarly, S. Y. Tan andH. S. Tan [14] investigated
the path loss behaviors at corners with diffraction and reflec-
tion mechanisms with an image concept. Berg [15] devised
a recursive method to calculate path loss due to multiple
diffractions at corners. Andersen et al. [16] analyzed that
reflection, scattering, and diffraction are street propagation
mechanism in urban building environments. All of these
effects on radio propagation in urban street environments
have been summarized in ITU-R (International Telecommu-
nication Union Radiocommunication Sector) standards [17],
which have been successful for planning and evaluations in
“conventional” mobile communication system designs.

As an example, Figure 1 illustrates a path loss measure-
ment data, in which both LOS and NLOS path loss data
are in well agreement with the ITU-R P.1411 Street Canyon
path loss model. The measurement was collected in an urban
street grid area as shown in Figure 1(a), where TX was held
at a stationary position () while RX was moving along the
 → ⃝ → ◻ route. Note that a LOS link is estab-
lished from TX to RX when RX is the measurement interval

 → ⃝, while a NLOS link is established when RX is
in ⃝ → ◻ (a LOS link can be also established for some
interval right after ⃝ due to wide corner areas). During
the measurements, both the antennas of the transmitter
and the receiver were held 1.9 meters above the ground.
Details about the measurement conditions are referred to in
Section 2 except that the average surrounding building height
is about 11–14 meters. Since the surrounding building heights
compared to the antenna heights are not so high, the ITU-R
path lossmodel (as a representative of conventional ones) can
be applied successfully.

For D2D communication scenarios, however, Nurmela
et al. [18] claimed the necessity of new model consider-
ing that both the transmitter and the receiver have low-
height antennas (especially in high-rise urban areas). In this
regard, Molisch and Tufvesson [3] also pointed out that
D2D channels have fundamentally different nature compared
to conventional cellular channels. Note also that ITU-R
recognized different propagation behaviors between low-
height antenna links so that its standards were revised in
September 2013 to include concepts of antenna height levels
such as “below roof-top but above head level” and “at or below
head level” [17].

Considering the low-height propagation characteristics,
Lu et al. [6] recently developed a path loss model for 1-
Turn and 2-Turn NLOS links, based on the two-ray ground-
reflection model taking diffraction and scattering effects at
corners into account. However, the applicability of their
model is limited due to the assumptions that (1) the surround-
ing buildings are infinitely high, and (2) diffraction/scattering
factors for 1-Turn NLOS and 2-Turn NLOS are the same.
The path loss model in this paper is developed with a
separate scattering/diffraction parameter for 2-Turn NLOS
that can capture multiple propagation paths. Sasaki et al.
[4] also considered a different nature of propagation for
a different number of corner turns. However, their model
is developed only for residential areas, where the average
building height is less than 10 meters. In contrast to this,
our model is developed for high-rise urban areas, specifically
for rectilinear grid environments in Street Canyons, where
average building height is far greater than 10 meters and
the gap between buildings is narrower. According to the
propagation path classification in [4], our model considers
only “path along roads” (and not “paths between houses”
or “over-roof propagation paths”) since the antenna height
of transmitters and receivers for D2D communications is
much lower than the surrounding building height in high-
rise urban areas. Consequently, our model is simpler but
is quite adequate for predicting propagation behaviors in
urban areas. Considering the fact that D2D links are most
likely established in urban areas, developing propagation
models for low-height terminals in high-rise street grid
environments is important.

In a similar vein, many path loss measurement results
have been reported in V2V (vehicle-to-vehicle) literature
as summarized in [19]. However, most of them do not
investigate the environmental situations but rather focus on
driving and traffic conditions.
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Figure 1: Comparison with measurement data with the ITU-R P.1411 Street Canyon path loss model [17].

Table 1: Measurement system parameters.

Parameters Units
Frequency 3.7GHz
Bandwidth 20MHz
Chip rate 80Mcps
PN length 4095 chips
TX power 35 dBm
RX level −100 dBm (min)

2. Measurement Overview

2.1. Measurement Equipment Setup. The Channel Sounder
system, developed at ETRI [20, 21], can measure 20MHz
wideband multiantenna propagation characteristics at a car-
rier frequency 3.7GHz. The transmitter part (TX) of the
sounder transmits pseudonoise (PN) sequences in a 20MHz
bandwidth and then the receiver part (RX) samples MIMO
channels in a TD (time division) snapshot fashion, that
is, multiple receiver antennas sequentially receive sounding
PN signals from multiple transmit antennas. The Channel
Sounder system parameters are provided in Table 1.

Oversampling by a factor of 4, RX calculates the channel
impulse response at a rate of 80MHz, while storing the
GPS location information for distance measures. Path loss
is then calculated by using the sampled received power,
compensating for AGC (Automatic Gain Control) levels in
RX, cable loss, antenna gain, and so forth.

To measure the path loss between low-height antenna
terminals in street grid environments, we equipped TX and
RX in vehicles, as illustrated in Figure 2, where the antennas
were installed on the rooftop of the vehicles (1.9 meters
above the ground). To improve measurement data quality,
we installed four antennas in RX, in which the antenna
separations were 10 wavelengths to achieve independent
fading.The received power is calculated by averaging received
powers from the four antennas.

2.2. Measurement Environments. The measurement cam-
paigns were conducted at Yeouido district in Seoul City,

TX

RX

1 antenna4 antennas

Figure 2: Equipment installation on vehicles where 1 omni-direc-
tional antenna in TX and 4 omni-directional antennas (separated
by 10 wavelengths) in RX are installed on the rooftop.

Figure 3: Measurement environments: urban street with 35–45m
high buildings and 30m wide street.

which is a commercial area with 10–15 story buildings (35–
45m height) and 30m wide streets (distance measured
between buildings included the sidewalks) as illustrated in
Figure 3. Note that this area has regular street grids and can
be categorized with an urban high-rise environment per ITU-
R standard [17].

We carried out the measurement campaigns with the
route scenarios as shown in Figure 4, which are designed
to include LOS, 1-Turn NLOS, and 2-Turn NLOS situations.
Scenario 1 in Figure 4(a) is a case that the straight line
distance from TX to RX increases monotonically as the RX
movement travel distance increases. Scenario 2 is a case
that RX is circularly traveled so that the 2-Turn NLOS
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Figure 4: Measurement route in Seoul City: TX was held at a stationary position while RX moved along the dotted route path.
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(a) Normalized PDP measured at Position A (1-Turn NLoS)
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(b) Normalized PDP measured at Position B (2-Turn NLoS)
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(c) Normalized PDP measured at Position C (2-Turn NLoS)

Figure 5: Power delay profile (PDP) measurements between TX and RX positions in Figure 4.

interval (from corner 2 to corner 3 in Figure 4(b)) can
have stationary path loss behaviors, because the backward
propagation distance decreases as the RX travel distance
increases. The forward and the backward propagation paths
mean that the former is the propagation path from TX to RX
along the RXmovement path and the latter is along the other
side path. Tomeasure path loss characteristics, we fixed TX at
a stationary location marked  in Figures 4(a) and 4(b) and
moved RX (under 10 km/h) along the dotted measurement
routes marked  → ♢ → ⋅ ⋅ ⋅ → ♢ → ◻ in Figures
4(a) and 4(b).The campaignswere conducted during daytime
(outside of rush/lunch hours) when few people were on
sidewalks and vehicle traffic was running at under 30 km/h.

3. 1-Turn NLOS versus 2-Turn NLOS

This section investigates radiowave propagation characteris-
tics of 1-Turn NLOS and 2-Turn NLOS in street grids with
wideband channel measurements. In terms of propagation,
2-Turn NLOS is different from 1-Turn NLOS not only due
to the number of corner turns but also due to the number

of propagation routes when the PDP measurements are
observed. We also point out the importance of 2-Turn NLOS
situations in street grid environments by examining the
occurrences of 1-Turn NLOS and 2-Turn NLOS.

3.1. Power Delay Profiles of 1-Turn NLOS and 2-Turn NLOS.
Based on measurement data, we examine power delay profile
characteristics of 1-Turn NLOS and 2-Turn NLOS situations
in Figure 4. Figure 5 shows normalized power delay profiles
(PDP), relative to the peak power, measured at RX positions
A and Bmarked in Figure 4(a) and position C in Figure 4(b).
From the PDP of the 1-Turn NLOS in Figure 5(a), we can
observe that the delay spread is relatively short (peak delay
is spread between 0.5 𝜇s and 1 𝜇s). For the 2-Turn NLOS of
Scenario 1 in Figure 5(b), power delay is more widely spread
(between 0.8 𝜇s and 2.3 𝜇s). Similar phenomenon is observed
for Scenario 2 in Figure 5(c). Moreover, the 2-Turn NLOS
of Scenario 2 has an additional multipath components in
PDP between 4 𝜇s and 4.5 𝜇s, which is due to the backward
propagation route. In the power calculation of path loss, all
the received power should be added together.Notice that such
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multiple 2-Turn NLOS components have been overlooked in
the literature.

As explained, the delay spread difference is due to the
number of propagation paths from TX to RX. To illustrate
different number of propagation paths, Figure 6 shows a
typical situation for 1-Turn NLOS (from TX to RX

1
) and

2-Turn NLOS (from TX to RX
2
). For the 1-Turn NLOS

link from TX to RX
1
, only one single propagation path,

from the perspective of propagation, is dominant among
many possible propagation paths. The contribution of the
radiowaves through other paths is relatively minuscule and
can be ignored in the received power calculation. For the 2-
Turn NLOS link from TX to RX

2
, however, there are three

dominant propagation paths; that is, radiowaves propagation
through the three paths has comparable attenuation levels.
Thus, when characterizing these NLOS path losses in street
grids, an additional corner turn does not simply mean an
additional propagation loss at a corner but should also be
considered with the changes of propagation paths, including
the number of paths as well as the number of corners.

3.2. Occurrences of 1-Turn NLOS and 2-Turn NLOS. In
rectangular street grids, we now investigate the occurrences
of 1-Turn NLOS and 2-Turn NLOS situations, depending on
locations of TX and RX to emphasize the importance of 2-
Turn NLOS situations. Without loss of generality, we fix the
location of TX and consider link types with respect to the
location of RX.When TX is at a corner, no 2-Turn NLOS link
is established; that is, all the links can be described with either
LOS or 1-Turn NLOS, no matter where RX is located. In this
respect, 2-TurnNLOS situations do not need to be considered
for conventional cellular networks in very high-rise urban

TX

b

a

N

M

1-Turn NLOS

LOS

2-Turn
NLOS

Figure 7: LOS, 1-TurnNLOS, and 2-TurnNLOS situations in an𝑀×

𝑁 rectangular street grid: black dots and edges denote corners and
streets in the street grid.

areas if base stations are located at corner areas. In very
high-rise areas (e.g., Manhattan in New York), base station
antennas are installed below rooftops since the rooftops are
too high. When TX is not in a corner area, however, 2-Turn
NLOS situations exist. Since TX is a mobile terminal in D2D
links, TX can be placed at any location along the street (and,
more likely, not placed at a corner).

To illustrate the situations of 1-Turn and 2-Turn NLOS,
when TX is not at a corner, let us consider an 𝑀 × 𝑁

rectangular grid as shown in Figure 7, where 𝑀(≥2) and
𝑁(≥2) are the number of corner points in horizontal and
vertical axis, respectively. In the figure, black dots and edges
denote corners and streets in the street grid, respectively. LOS
situations occur when RX is located on the same street as
TX, 1-Turn NLOS situations occur when RX is located in the
blue-dotted areas in Figure 7, and 2-Turn NLOS situations
occur when RX is located in the red-line areas. If we assume
that corners in the grid are equally spaced by distances 𝑎 (in
horizontal axis) and 𝑏 (in vertical axis), the total length of LOS
intervals is 𝑙LOS = 𝑏(𝑁 − 1). The total length of the streets in
the category of 1-Turn NLOS is 𝑙

1-Turn = 𝑎(𝑀 − 1)𝑁, while
that in the 2-Turn NLOS category is 𝑙

2-Turn = 𝑏(𝑀−1)(𝑁−1).
The fraction of the total street length 𝑙total in the 2-TurnNLOS
category is given by

𝑙
2-Turn
𝑙total

=
𝑏 (𝑀 − 1) (𝑁 − 1)

𝑎 (𝑀 − 1)𝑁 + 𝑏𝑀 (𝑁 − 1)

, (1)

where 𝑙total is the total length of the𝑀×𝑁 grid. If we further
assume that𝑀 = 𝑁 and 𝑎 = 𝑏, then almost 50% of the grid
corresponds to 2-Turn NLOS at large 𝑀 since 𝑙

2-Turn/𝑙total =
0.5 − 1/(2𝑀). Consequently, developing a separate path loss
model for 2-Turn NLOS links is important. Additionally,
considering more than two corner turns is not required for
regular street grids.



6 International Journal of Antennas and Propagation

4. Path Loss Model

In this section we develop a path loss model for 1-Turn
NLOS and 2-Turn NLOS situations involving low-height
antenna terminals in rectangular street grid environments.
Based on the Uniform Geometrical Theory of Diffraction
[5], we quantify the path loss ratio relative to the LOS path
loss due to corner turns. In doing so, we exploit the ITU-
R path loss model [17] for the LOS propagation, which is
actually a de facto standard when the model is applicable (so
far the ITU-R model does not include a site-specific NLOS
path loss prediction model between low-height terminals in
urban street environments [17]). Helpfully, the ITU-R LOS
path loss model has some inherent adjustability since the
model is given by an upper and a lower bound, which we
exploit to parameterize waveguide effects. In this way, we
can incorporate both corner-turning effects and waveguide
effects on the path loss model. To verify the proposed path
loss model, we compare the resulting calculation to field
measurement data.

4.1. Path Loss Model Derivation. We begin the path loss
model derivation with 1-Turn NLOS situations. As illustrated
in Figure 6, one corner is located in the propagation path
from TX to RX

1
. The distance from TX to the corner and

the distance from the corner to RX
1
are denoted by 𝑥

1
and

𝑥
2
, respectively. From the Uniform Geometrical Theory of

Diffraction [22, Chapter 5] (originally in [5]), the path loss
due to diffraction at an edge of a corner is given by [22, Eq.
(5-62)]

PLedge
1-Turn = (

4𝜋

𝜆
)

2 cos2𝜓
𝐷
2

1

𝑥
1
𝑥
2
(𝑥
1
+ 𝑥
2
) , (2)

where 𝜆 is the wavelength of the operating center frequency,
𝐷
1
is the diffraction factor at the associated edge, and𝜓 is the

viewing angle from the transmiting antenna to the receiver
antenna, which is dependent on the heights of antennas.This
viewing angle factor is to account for the oblique incidence
to the corner edges due to the antenna height differences.
According to [22], (2) is valid when the antennas are isotropic
in both azimuthal and elevation planes. Although we used
omnidirectional dipole antennas, that is, isotropic in the
azimuthal plane but nonisotropic in the elevation direction,
we assume that (2) is approximately valid with the dipole
antennas. Considering that similar phenomena happen at
the other edges and that 𝑥

1
and 𝑥

2
for all four edges are

approximately the same, the path loss for 1-Turn NLOS can
be written as

PL
1-Turn = (

4𝜋

𝜆
)

2 cos2𝜓
𝑆
2

1

𝑥
1
𝑥
2
(𝑥
1
+ 𝑥
2
) , (3)

where 𝑆
1
is an integrating factor, combining diffraction and

scattering phenomena at all the four edges in the associated
corner.

By dividing the free space path loss at 𝑥
1
+ 𝑥
2
(the travel

distance between the transmitter and the receiver is 𝑥
1
+ 𝑥
2
),

the relative path loss of 1-Turn to the free space path loss is
given by

PL
1-Turn

PLfree-space
=
cos2𝜓
𝑆
2

1

𝑥
1
𝑥
2

𝑥
1
+ 𝑥
2

. (4)

Here, we exploit the ITU-R LOS path loss model for the free
space loss, which is given by [17]

PLLOS =

{
{
{
{
{

{
{
{
{
{

{

10
𝛼dB/10 (

𝜆
2

8𝜋ℎTXℎRX
)

2

(
𝑑

𝑅bp
)

2.5

, if 𝑑 ≤ 𝑅bp,

10
𝛼dB/10 (

𝜆
2

8𝜋ℎTXℎRX
)

2

(
𝑑

𝑅bp
)

4

, if 𝑑 > 𝑅bp,

(5)

where𝑅bp is the break point distance calculated by 4ℎTXℎRX/𝜆
and ℎTX and ℎRX are the antenna heights of TX and RX,
respectively. Distance 𝑑 should be calculated with the travel
distance between the transmitter and the receiver; that is,
𝑑 = 𝑥

1
+ 𝑥
2
. Parameter 𝛼dB is used to adjust the path loss

level (in dB scale) to account for waveguide effects attributed
by deep alleys in Street Canyons. In the ITU-R LOS model
[17], 𝛼dB = 0 corresponds to the lower bound of the path
loss and 𝛼dB = 20 corresponds to the upper bound; that is,
0 ≤ 𝛼dB ≤ 20. As reported in [7], since higher building
alleys provide better propagation environments, 𝛼dB will be
smaller for higher building environments. Consequently, the
path loss for the 1-Turn NLOS situation is given by

PL
1-Turn = PLLOS

cos2𝜓
𝑆
2

1

𝑥
1
𝑥
2

𝑥
1
+ 𝑥
2

. (6)

Since this path loss formula has a relatively simple form,
with few input environmental parameters, the computation
time will be short enough to permit real-time applications.
Moreover, note that the formula is symmetric with respect
to 𝑥
1
and 𝑥

2
, and therefore channel reciprocity holds. The

channel reciprocitymeans that the propagation characteristic
from a transmitter to a receiver is identical to that from the
receiver to the transmitter; that is, the channel propagation
characteristic is invariant when swapping the location of the
transmitter and the location of the receiver. Note also that this
formula is identical to the 1-Turn NLOS path loss model in
[6] if 𝜓 = 0 and PLLOS is replaced by the two-ray ground
reflection model. In outdoor urban environments, 𝜓 = 0

may be typical for D2D links since the heights of TX and
RX are likely to be the same. However, PLLOS term will be
significantly varied due to different amount of waveguide
effects, depending on the relative building heights to the
antenna heights, which are not considered in [6].

We now develop a path loss model for 2-Turn NLOS
situations. As illustrated in Figure 6, at least two corner turns
are required to reach from TX to RX

2
regardless of propa-

gation routes. As discussed in the previous section, 2-Turn
NLOS links can have various propagation routes depending
on the locations of the transmitter and the receiver, whereas
1-Turn NLOS links have, for the most part, a single dominant
propagation path. For example, the 2-Turn NLOS link in
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Figure 6 (i.e., from TX to RX
2
shown in the figure) has

3 propagation route paths, in which the 3 paths are likely
to have similar attenuation levels. In this case of multiple
propagation travel paths, radio waves from all the paths are
independently added at the receiver, and thus the received
power is calculated by summing all the received powers from
all the travel paths. Therefore, the received power gain in
terms of path loss is calculated by

1

PL
2-Turn

= ∑

𝑛

1

PL(𝑛th path)
2-Turn (𝑥

(𝑛th path)
1

, 𝑥
(𝑛th path)
2

, 𝑥
(𝑛th path)
3

)

,

(7)

where PL(𝑛th path)
2-Turn is the path loss of the 𝑛th 2-Turn travel

route path. The 𝑛th 2-Turn travel route path comprises the
following: the distance from the transmitter to the first corner,
the first corner to the second corner, and the second corner to
the receiver are denoted by 𝑥(𝑛th path)

1
, 𝑥(𝑛th path)
2

, and 𝑥(𝑛th path)
3

,
respectively, and are illustrated in Figure 6.

As was done for the 1-Turn NLOS situations, the path loss
of the 𝑛th 2-Turn travel route path can be also obtained with
the Uniform Geometrical Theory of Diffraction as [22, Eq.
(5-67)]

PL(𝑛th path)
2-Turn = (

4𝜋

𝜆
)

2 cos4𝜓
𝑆
2

1
𝑆
2

2

𝑥
(𝑛th path)
1

𝑥
(𝑛th path)
2

𝑥
(𝑛th path)
3

⋅ (𝑥
(𝑛th path)
1

+ 𝑥
(𝑛th path)
2

+ 𝑥
(𝑛th path)
3

) ,

(8)

where 𝑆
1
and 𝑆
2
are the integrated scattering and diffraction

parameters for the first corner turns and the second corner
turns, respectively. We can reuse 𝑆

1
obtained from the 1-Turn

NLOS situation as in (6). For 𝑆
2
, care should be taken in

that this parameter is concerned with all the second corner
turns for all possible traveling paths between the transmitter
and the receiver (not for a single propagation path); for
example, all the three propagation paths in Figure 6 should
be considered together to determine 𝑆

2
. Consequently, 𝑆

1

is determined by a single corner in a single traveling path,
whereas 𝑆

2
is determined by all the second corners inmultiple

comparable traveling route paths. To reiterate, this is because
the shortest single traveling route path is the dominant
propagation path for 1-TurnNLOSwhilemultiple comparable
traveling route paths are dominant together for 2-TurnNLOS.
In this way, we determine corner effect parameters 𝑆

1
and 𝑆
2
,

separately (Lu et al. assumed that 𝑆
1
= 𝑆
2
in their derivation

[6]).
By replacing the free space path loss in (8) at 𝑑 =

𝑥
(𝑛th path)
1

+ 𝑥
(𝑛th path)
2

+ 𝑥
(𝑛th path)
3

with the ITU-R LOS path
loss, we have

PL(𝑛th path)
2-Turn

= PLLOS
cos4𝜓
𝑆
2

1
𝑆
2

2

𝑥
(𝑛th path)
1

𝑥
(𝑛th path)
2

𝑥
(𝑛th path)
3

𝑥
(𝑛th path)
1

+ 𝑥
(𝑛th path)
2

+ 𝑥
(𝑛th path)
3

,

(9)

where PLLOS is defined in (5) and plays a role of compensating
for waveguide effects due to the deep alleys in Street Canyons.
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Figure 8: Comparison of the proposed path loss model (fitting to
the measurement data), Lu et al. model in [6], and the ITU-R Street
Canyon model [17] for Scenario 1 in Figure 4(a).

Notice that both (6) for 1-Turn NLOS and (9) for 2-Turn
NLOS include PLLOS calculated with the total travel distance
from the transmitter and the receiver.This can be understood
by employing the idea that the entire propagation path
has LOS-like propagation behaviors since the radio waves
propagate street roads from a low-height TX to a low-height
RX in high-rise building alleys. Then, corner-turning effects
are considered by the other terms in (6) and (9).

Although the path loss calculations for 2-Turn NLOS in
(7) and (9) seem to be complicated compared to those for
1-Turn NLOS, they are, actually, relatively simple arithmetic
computations. As a result, together with the 1-Turn model,
this path lossmodel can be implementedwith low complexity.
Note that PL(𝑛th path)

2-Turn in (9) is symmetric with respect to
𝑥
(𝑛th path)
1

, 𝑥(𝑛th path)
2

, and 𝑥(𝑛th path)
3

, and therefore interchang-
ing the locations of the transmitter and the receiver does not
affect PL

2-Turn in (7). Consequently, the path loss model for
both 1-Turn NLOS and 2-Turn NLOS has channel reciprocity.

4.2. Verification with Measurement Data. To validate the
proposed path loss model, we compare it with the field
measurement data as well as the conventional path loss
models. Since the proposed path loss model considers only
NLOS situations, we use the formula in (5) to predict the
path loss for LOS component parts. Details about the field
measurement data such as measurement equipment setup
and measurement campaigns are referred to in Section 2.
As a representative of conventional path loss model, ITU-
R P.1411 Street Canyon standard model [17] is chosen for
comparison. As discussed in Figure 1, the ITU-R model is
in well agreement with relatively mid-rise (compared to the
antenna heights) urban street grid environments.

Figure 8 shows the comparison of the proposed path
loss model with measurement data, which were collected
following Scenario 1 in Figure 4(a). Scenario 1 includes link
situations for LOS (the travel distance from0 to 60m,marked
 → ♢ (corner 1) in Figure 4(a)), 1-Turn NLOS (the
travel distance from 85m to 190m, marked ♢(corner 1) →

♢(corner 2)), and 2-Turn NLOS (the travel distance from
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Figure 9: Comparison of the proposed path loss model (fitting to
the measurement data), Lu et al. model in [6], and the ITU-R Street
Canyon model [17] for Scenario 2 in Figure 4(b).

220m to 270m, marked ♢(corner 2) → ◻). The travel
distance denotes the RX movement distance along the mea-
surement route. Since the initial RX position is the same
with the TX position, TX is located at zero travel distance.
Recall that Scenario 1 is designed such that the distance
between TX and RX increases as the travel distance increases.
As can be seen in Figure 8, the path loss predictions are in
well agreement with the measurement data. Compared with
Lu et al.’s model, the proposed model has better fitting. To
be specific, RMSE (root-mean-square-error) for the proposed
model and Lu et al.’s model are calculated by 2.44 dB and
4.20 dB, respectively, where the RMSE is calculated by

RMSE = √
1

𝐿

𝐿

∑

𝑙=1

(PLmeasurement(𝑙) − PLfit(𝑙))
2

, (10)

where 𝑙 is the measurement sample index and 𝐿 is the
total number of samples. Since GPS receivers are installed
in the measurement equipment, we are able to obtain the
distance information to calculate the path loss prediction at
every sample index. Note that the conventional model (ITU-
R P.1411 Street Canyon model [17]) provides considerable
overestimation for both LOS and 1-Turn NLOS parts. The
ITU-R model has yet to consider 2-Turn NLOS situations.

Figure 9 shows the comparison results for Scenario 2
depicted in Figure 4(b).TheRX unit in Scenario 2 wasmoved
along a circulation route:


LOS
→ ♢(corner 1) 1-Turn→ ♢(corner 2)
2-Turn
→ ♢(corner 3) 1-Turn→ ♢(corner 4) LOS

→ ◻

while TX was fixed at  to include LOS, 1-Turn NLOS, and
2-Turn NLOS situations as marked in the above diagram.
Compared with the measurement data shown in the figure,
both the proposed path loss model and the Lu et al.’s model
are are in well agreement. In particular, both models provide
relatively accurate path loss predictions for the 2-Turn NLOS
interval (between corner 2 and corner 3), inwhich radiowaves
from TX to RX propagate not only through the forward

direction (with respect to the RX movement direction) but
also through the backward direction. In terms of the RMSE
performance measure, the error of the proposed model is
2.73 dB while that of Lu et al.’s model is 3.65 dB. However,
the conventional ITU-R Street Canyon model provides sig-
nificant amount of overestimation for LOS and 1-Turn NLOS.

Thus far, we have compared path loss models with field
measurement data. We have seen that the conventional ITU-
R Street Canyon model provides overestimated path loss
predictions for LOS and 1-Turn NLOS situations, owing to
the fact that low-height terminal link conditions in high-
rise Street Canyons have yet to be considered properly. In
addition, the ITU-R model does not provide predictions
for 2-Turn NLOS situation. We have also shown that the
predictions with the proposed model have smaller RMSE
than those with the Lu et al.’s model, which is due to the fact
that the proposedmodel has a waveguide effect consideration
term and individual corner effect factors for the first corner
turn and the second corner turn.

5. Conclusion

For low-height antennas link terminals in outdoor urban
street environments, we developed a path loss model with
the Uniform Geometrical Theory of Diffraction, especially
for NLOS situations due to corner turns in street grids. The
proposed model provides path loss predictions for 1-Turn
and 2-Turn NLOS situations, while accounting for waveguide
effects due to high-rise building alleys. In particular, we
employed a NLOS extension with the ITU-R LOS path loss
model, which eventually provides a reasonable explanation
about propagation along the street roads between low-height
antenna terminals in street grid environments. Although the
proposed path lossmodel is a simple formula, with arithmetic
calculations and few environmental parameter inputs, it can
provide reasonably accurate predictions.
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