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ABSTRACT The effects of high-rise buildings on satellite propagation in the vicinity of urban canyons
are investigated. A comparison between a conventional canyon model and the two modified canyon models,
which take into account the presence of high-rise buildings, is presented for both narrow-band and wideband
signal cases. The narrow band is developed using ray tracing (RT) and includes the direct wave, the specular
reflection from building walls and ground, and the diffracted waves. In addition, multiple shadow boundaries
are defined and used to carry out the uniform theory of diffraction calculations. The incident shadow
boundary is the dominant boundary and is used to determine the line-of-sight region for all cases, while wall
and ground reflection shadow boundaries are used to obtain higher precision due to multiple reflections.
The wideband model is developed by applying a channel transfer function to the data obtained from the
RT method. The proposed models are used to predict the received signal in a realistic urban environment
from satellites. The models are applicable to any satellite link application, such as global navigation satellite
systems, low Earth-orbiting, and high-altitude platform systems, and the results are obtained for a satellite
transmitting two linearly polarized signals at a frequency of 1.625 GHz. It is found that the presence of high-
rise buildings next to a street canyon can significantly alter the visibility of satellites, which, in turn, lead to
an increase in path loss. Consequently, ignoring high-rise buildings in the proximity of a street canyon can
lead to a path loss difference of as much as 30 dB.

INDEX TERMS Street canyon, conventional canyon model (CCM), non-line of sight (NLOS),
ray tracing (RT), uniform theory of diffraction (UTD).

I. INTRODUCTION
Satellite and high altitude platform systems (HAPS) are large
coverage-area non-terrestrial radio systems that have many
applications, such as wireless communication, navigation
and remote sensing with varying bandwidth requirements.
Having an accurate signal propagation model, especially in
urban environments, is vital for link budget analysis, system’s
margins determination, dimensioning, and prediction of cov-
erage and outage areas, as well as for the development of
techniques to overcome related problems. This is particularly
important in areas with high-rise buildings because they cause
shadowing, leading to spotty coverage for HAPS [2]–[9].
In developing accurate propagation models, two issues need
to be addressed mainly: (i) the bandwidth of the model,
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i.e., narrow-band vs. wide-band, and (ii) its nature, i.e., deter-
ministic vs. statistical (random).

Early studies on wide-band propagation techniques based
on the uniform theory of diffraction (UTD) were proposed
in [10] and [11]. However, those are limited to terrestrial
radio systems. In Tirkas et al. [12], using ray tracing (RT), a
narrow-band deterministic LEO satellite signal propagation
model was introduced with just one single building in a flat
terrain. Deterministic propagation models for LEO satellites,
including narrow-band and wide-band simulation, were pro-
posed by Blazevic et al. [13]. In these models, the urban and
suburban environments were considered to be of the street
canyon type. Using UTD and RT, the path loss curves in a
narrow-band around a carrier frequency of 1.625 GHz were
calculated [13]. Additionally, the wide-band path loss was
also derived from the channel transfer function [13]. In [14],
Meedović and Šuka presented a survey of several propa-
gation software packages, which included physical-based
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statistical methods, such as Okumura-Hata, OPAR, Triple
Path Geodesic and Walfish-Ikegami, in addition to a deter-
ministic RT method for terrestrial propagation in urban envi-
ronments using a canyon model.

Iglesias and Sánchez [15] and Lemos Cid et al. [16]
presented a statistical wide-band analysis for low-elevation
satellites based on measured data for channel characteriza-
tion considering urban, suburban, rural, lightly wooded and
heavily wooded environments. In [17]–[19], a narrow-band
technique was applied for detecting the Global Navigation
Satellite System (GNSS) availability in different geographi-
cal areas. Moreover, in [1], a method for optimizing the accu-
racy of GNSS receivers in urban environments in particular
was developed by modeling signals with pseudorange error
only. The geometrical model used for the urban environments
in the aforementioned references ([1], [17]–[19]) was the
conventional street canyon model.

Zeleny et al. [20] presented a semi-deterministic model
combining 2D RT and stochastic methods. The canyon model
was applied to built-up areas. Li et al. [21] and Jost et al. [22]
presented a hybrid model for satellite propagation, includ-
ing deterministic and statistical approaches. They applied
narrow-band and wide-band simulation techniques, respec-
tively. In [23]–[26], physical-statistical models, composed of
specular reflection and incoherent scattering techniques, are
presented. The electric field integral equations were solved
by using the method of moments.

The conventional urban canyon model has been used in
almost all 2D propagation simulations in urban environments.
However, such a model can be overly simplistic in certain
urban areas with multiple high-rise buildings by neglecting
key ray contributions. To overcome this limitation, two new
models, referred to as modified canyon models (MCMs), are
proposed in this paper. The deterministic coverage predic-
tion of a low-earth orbiting (LEO) satellite signal in urban
environments is presented for the conventional and modified
canyon models. The propagation path loss is computed by
applying 2D RT and UTD, including single and double edge
diffraction. In addition, both narrow-band and wide-band
path loss modeling are addressed to cover different applica-
tions with varying bandwidth requirements. The remainder
of the paper is organized as follows: section II introduces the
modified canyon models and presents the narrow-band and
wide-band propagation models for all of them. Section III
presents the simulation results for the proposed models and
compares them to the conventional canyon model. Finally,
conclusions and perspectives are presented.

II. PROPAGATION MODELING FOR CANYONS AND
MODIFIED CANYONS
A. PROPAGATION PATH LOSS
Signal propagation between a satellite and a receiver located
in an urban environment can be split into two main com-
ponents: (i) a line of sight [1] component and (ii) a mul-
tipath component due to the presence of buildings around

the receiver. The total path loss in dB can then be written as:

Lt = Lo + Lurban (1)

where Lo denotes the free space path loss corresponding to
the LOS component and computed by the Friis’ formula [10]
and Lurban is the loss due to reflection and diffraction from
buildings and ground corresponding to the multipath compo-
nent and computed by RT, including UTD.

B. GEOMETRICAL MODEL CONSTRUCTION
For this study, we consider the urban environment of down-
town Montreal, Canada, as shown in Fig. 1. This is a typical
urban environment with street canyons and various high-rise
buildings.

FIGURE 1. A sample illustration of blockage by high-rise buildings in the
city center of Montreal.

If a LEO satellite is positioned over the city at elevation θo,
and a satellite receiver is located in a street canyon, then the
vertical plane containing the line that connects the satellite
and the receiver can be used as the geometry plane of the
model. Using this construct, one can extract the simplified
geometrical models shown in (Fig. 2). This simplification,
allows us to capture the main propagation contributions with-
out having to carry out more costly, albeit more accurate,
3D ray tracing simulations as in [27] and [28] where com-
mercial tools were used. Fig. 2a represents the conventional
canyon model CCM, which considers only two buildings,
B1 and B2, neighboring the receiver. Fig. 2b presents the
first modified canyon model, MCM1, which includes one
additional tall building on either side of the conventional
street canyon. Fig. 2c shows the second modified canyon
model, MCM2, which includes two additional tall buildings,
B3 and B4, on either side of the conventional canyon model.

C. PROPAGATION MODEL VIA RAY TRACING
(NARROW-BAND)
In order to predict the satellite signal in urban environments,
a deterministic method in the form of RT combined with
UTD is applied. The basic idea of this method is to introduce
electromagnetic waves represented as rays that travel from
the satellite to the receiver, located between B1 and B2, and
which are subject to specular reflection from the ground
and building walls and diffraction at building edges. For a
complete understanding of the propagation model, the prop-
agation environment must be fully described. A single build-
ing urban propagation model has been reported in [12].
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FIGURE 2. Geometry of (a) CCM. (b) MCM1. (c) MCM2 and (d) MCM2 with
shadow boundaries.

This model is not suitable for a case like an urban canyonwith
multiple buildings, since it ignores reflections and blockages
that can occur due to the presence of additional buildings.

FIGURE 3. Direct wave and wall reflection from building B3 and second
order diffraction from building B1.

It may however be suitable for suburban areas. In complex
urban environments, such as the one illustrated in Fig. 1,
the conventional canyon model (CCM) [13], [29]–[31] with
two buildings only (B1 and B2), as shown in Fig. 2a, does
not accurately predict the signal propagation because it does
not take into account the presence of additional taller build-
ings. Indeed, as Figs. 2b and 2c show, the impact of the
tall buildings (B3 and B4) may be quite significant in terms
of line of sight region size, first and second order wall
reflections, first and second order diffractions and possi-
ble blocking effects that occur at some satellite elevation
angles.

In the 2D RT implementation all buildings are considered
to be of infinite dimension in the z-direction perpendicular to
the vertical plane, the satellite system is LEO and an elevation
angle variation in the range of 0-180 degrees on the incident
plane. The total received electric (EEr ) and magnetic ( EH r )
fields at the receiver are the sum of N ray contributions and
can be written as: 

EEr =
N∑
n=1

EEn

EH r
=

N∑
n=1

EHn

(2)

The contributions (EEn, EHn) originate from the direct
wave [1], ground reflections, first and second order build-
ing wall reflections, first and second order diffractions and
other combinations of ground and wall reflections. Using
this criterion, the number of ray contributions, including the
direct ray, is found to be 26 for CCM, 62 for MCM1 and
73 for MCM2. It should be noted that diffuse scattering, due
to surface roughness, and all higher order reflections and
diffractions are neglected.

In general, the polarization of the incident wave from the
satellite can be linear or circular, with linear polarization
being either horizontal or vertical. Since a circular polariza-
tion can be decomposed into a sum of two linear polariza-
tions, namely horizontal and vertical, circular polarization
results can be obtained by linear superposition of those of the
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two linear polarizations.
EEr = ẑErz = ẑ

N∑
n=1

Erzn for horizontal polarization

EH r
= ẑH r

z = ẑ
N∑
n=1

H r
zn for vertical polarization

(3)

For the sake of clarity and space, the propagation model will
be derived for vertical polarization, i.e., using

(
EHr = ẑHzr

)
.

For horizontal polarization a similar approach can be fol-
lowed by using the electric field instead, i.e.,

(
EEr = ẑEzr

)
.

For the ith ray contribution the received magnetic field can
be written as:

H i
z (ω) =

∣∣∣H i
z (ω)

∣∣∣ ejϕi(ω) (4)

Assuming that the propagation channel varies slowly
around the carrier frequency fc with constant amplitude and
linear phase such that a Taylor series expansion can be used:

∣∣H i
z (ω)

∣∣ = ∣∣H ic
z

∣∣
ϕi(ω)=ϕic + (ω − ωc) τi; where τi =

dϕi
dω

∣∣
ω=ωc

(5)

where ϕic is the phase of H i
z (ω) at ωc and τi is the time delay

of propagation along the ith ray with respect to the direct ray
contribution. Therefore, equation (4) can be rewritten as:

H i
z (ω) =

∣∣∣H ic
z

∣∣∣ ejϕicejτi(ω−ωc) (6)

The magnitude term,
∣∣H ic

z

∣∣, depends on the geometry of the
urban area (ground and building-wall reflections and edge
diffractions), as well as on the receiving antenna gain pattern.
Based on the procedure presented in [32], the magnitude of
the baseband impulse response for the ith ray contribution can
be written as: ∣∣∣r iz (t)∣∣∣ = 2

∣∣∣H ic
z

∣∣∣ δ (t − τi) (7)

Equations (4) and (7) correspond to a single ray contribu-
tion. For multiple rays [32], the total magnetic field HT

z ,
is given by:

HT
z (ω) =

∑
i

H i
z (ω) =

∑
i

∣∣∣H ic
z

∣∣∣ ejϕicejτi(ω−ωc) (8)

with the channel’s impulse response, given by:∣∣∣rTz (t)∣∣∣ = 2
∑
i

∣∣∣H ic
z

∣∣∣ δ (t − τi) (9)

The impulse response and its corresponding frequency
domain transfer function can be calculated for different ele-
vation angles and different geometrical models, using the
above described narrow-band propagation approach with RT
and UTD. In each case, the rays are phase coherent and the
number of the ray contributions depend on the satellite and
the receiver positions and the geometrical models.

D. WIDE-BAND PATH LOSS
For non-geostationary satellites, the channel characteristics
will be time varying. For linear time invariant systems, the
impulse, i.e., the narrow-band model is sufficient. However
in this case, with a linear time varying system, we must
resort to building a wide-band channel model. Considering
a stationary receiver, the wide-band path loss LWB can be
calculated following [13] as follows:

LWB(fk ) = 10 log

∞∫
−∞

X2(f ; fk )df

∞∫
−∞

|X (f ; fk ).R(f )|2 df
(10)

where f is the radio frequency of the baseband, fk the clock
frequency, R(f ) is the complex function obtained by using
the Fourier transform of the channel impulse response given
in (7), and X the truncated frequency spectrum of a periodi-
cally repeated pseudo-noise (PN) waveform, which is given
by:

X (f ; fk ) =


sin2

(
π
f
fk

)
(
π
f
fk

)2 , |f | ≤ fk

0, otherwise

(11)

E. CALCULATION OF BASEBAND IMPULSE RESPONSE
FOR A RAY CONTRIBUTION
In order to compute the received satellite signal using RT
and UTD, defining the shadow boundaries is a necessary
first step [12]. The angle of each shadow boundary is calcu-
lated from the geometrical parameters of the specific canyon
model being considered. Three shadow boundaries, namely
the incident, ground reflection, and building wall reflection
boundaries, are needed to analyze the LOS and NLOS ray
contributions for the different propagation models. The LOS
and NLOS regions for each model are highlighted in the cor-
responding figure in Fig. 2. The incident shadow boundaries
for the CCM, i.e., ϕISB1 and ϕISB2, are shown in Fig. 2a.
For MCM1 and MCM2, the presence of building three, B3,
introduce a new incident shadow boundary, i.e., ϕISB3, shown
in Figs. 2b and 2c. Fig. 2d shows the ground reflection
shadow boundaries due to buildings B1 and B2, ϕGRSB1 and
ϕGRSB2, respectively, as well as the wall reflection shadow
boundaries due to buildings B3 and B4, ϕWRSB3 and ϕWRSB4,
respectively. Other shadow boundaries are always associated
with the building that generates them and can be defined in
similar manners taking into account the actual geometry of
the model and the heights of the different buildings.

In Fig. 2b, extraction of the LOS and NLOS regions
in MCM1, needs to consider the tall building B3 in the
MCM1 as a noticeable point. Hence, the LOS region will
be between the maximum angle of two [ϕISB1& ϕISB3] and
ϕISB2 (See Table 1). LOS and NLOS regions for MCM2 are
presented in Table 1. Regarding the number of ray contribu-
tions, Table 1 represented a total review the number of ray
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TABLE 1. LOS and NLOS regions of propagation models in addition to number of ray contributions.

contributions of the LOS and NLOS regions for the CCM
and MCMs. As it mentioned before, the total number of ray
contributions in CCM is 26. Since there are several common
ray contributions in both LOS and NLOS regions, the number
of ray contributions presented in Table 1 are 25 and 11 in
LOS and NLOS regions, respectively. For the MCM1 and
MCM2 the same reason is valid.

Considering MCM1 of Fig. 2b, there are 52 ray contri-
butions in the LOS region as presented in Table 1. Here we
will consider only two of these contributions to illustrate the
equations that go into building the propagation model. One
contribution is due to the wave reaching the receiver while
the second includes wall reflection from building B3 and sec-
ond order diffraction from building B1 shown in Fig. 3.
The normalized magnetic fields of direct HDir

z and wall
reflected and second order diffracted fieldHWRD

z with respect
to the incident field at the reference point O are:



HDir
z (ω) = e−jτ1(ω−ωc)

HWRD
z (ω) = 0W (ψ) .Dh

(
L1, ϕ1, ϕ

′

1, n1
)

Dh
(
L21, ϕ2, ϕ

′

2, n2
) e−jτ2(ω−ωc)
√
r1
√
r2

. (12)

where Dh
(
L, ϕ, ϕ′, n

)
is the UTD building edge diffraction

coefficient for vertical polarization [33] form of a lossy
diffraction coefficient has been derived in [34] and 0W is
the reflection coefficient [13]. The parameters τ1 and τ2 are
the time delays of the direct and the building wall reflected-
diffracted rays. Furthermore, the r1 is distance between the
two diffraction points on B1 and r2 is the distance between
the second diffraction point and the receiver, as shown
in Fig. 3. The angles of ϕ1, ϕ′1, ϕ2, ϕ

′

2 are indicated in the
Fig. 3 and also n1 and n2 is thewedge index of first and second
diffraction edges of B1 [33].
The building permittivity εr is set to 5 for the selected fre-

quency [13]. In (12) ωc is the carrier frequency as mentioned
before assuming that the propagation channel varies slowly
around that with constant amplitude and linear phase such
that a Taylor series expansion is used [35].

The amplitude of transfer function is given by:
∣∣HDir

z (ω)
∣∣ = 1

∣∣HWRD
z (ω)

∣∣ =
∣∣∣∣∣∣∣
0W (ψ) .Dh

(
L1, ϕ1, ϕ

′

1, n1
)
.

Dh
(
L21, ϕ2, ϕ

′

2, n2
)
.

1
√
r1
√
r2

∣∣∣∣∣∣∣
(13)

Using (13) the narrow-band path loss can be calculated as:

LNB = 20 log (|Hz(ω)|) (14)

Thus, the modulus of the baseband impulse response of this
ray contribution is:
∣∣rDirz (t)

∣∣ = δ (t − τ1)∣∣rWRDz (t)
∣∣ =

∣∣∣∣∣∣∣
0W (ψ) .Dh

(
L1, ϕ1, ϕ

′

1, n1
)
.

Dh
(
L21, ϕ2, ϕ

′

2, n2
)
.

1
√
r1
√
r2

∣∣∣∣∣∣∣ δ (t − τ2)
(15)

where the various geometrical parameters, r1, r2, ϕ1, ϕ2, ϕ
′

1,
ϕ
′

2,L21, L1, n1 and n2 are:
r1 = WB1, r2 = d1/cosα, ϕ1 = o, ϕ2 = π + α, ϕ

′

1 =

θ , ϕ
′

2 = o, L21 = WB1 , L1 =
r1.r2
r1+r2

, n1 = n2 = 1.5 and

α = tan−1(
hB1−hm

d1
).

A similar procedure is followed for all the rays in the
canyon model being considered.

III. SIMULATION RESULTS AND COMPARISONS
For all simulations in this section, we assume a LEO satel-
lite with carrier frequency fc = 1625 MHz, orbital altitude
of 720 km and standard atmospheric propagation properties
with the earth’s radius of r = 6366 km. The complex
permittivity for the ground and the buildings are given by
εr = 15-j90/f (f is the frequency in megahertz) and εr = 5,
respectively [13]. Wide-band simulations are carried out with
a channel bandwidth of 250 MHz, clock frequency fk =
125 MHz and a maximal PN sequence of N = 2048. The
electromagnetic wave at the receiver is normalized to the
wave at the reference point (point o in Fig. 2).

First, we validate our method by considering the same
scenario as the one presented in [12], which is a one building
model. We use hB = 7m and wB = 10m for the height and
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width of the building, respectively, and a receiver – building
distance of d = 10 m. The normalized signal level versus
the satellite elevation angle is computed for horizontal and
vertical polarizations and are shown in Figs. 4 and 5. These
results are virtually identical to those in [12, Figs. 5 and 6].
As been seen the presence of a single building can generate
as much as 40 dB variation in the received signal level, which
for some applications such as GNSS may lead to a loss of
position.

FIGURE 4. Normalized signal level versus satellite elevation angle for
narrow-band simulation and horizontal polarization.

FIGURE 5. Normalized signal level versus satellite elevation angle for
narrow-band and vertical polarization.

Next, we assess the impact of the presence of addi-
tional buildings on the conventional canyon model through
two modified models. We start by carrying a comparative
geometrical analysis of all models.

A. COMPARATIVE GEOMETRICAL ANALYSIS OF
THE CC AND MC MODELS
In this section, we study in more detail the geometries of
the CCM, MCM1 and the MCM2 to highlight the impact

of the addition of tall buildings as well as the geometry of
the buildings on the various shadow boundaries. To this end,
we consider the building dimensions given in Table 2. These
dimensions represent two tall 60 story buildings (B3 and B4)
and two medium 13 story buildings between them
(B1 and B2). These values are for Montreal’s city center and
are typical of urban environments. Based on these dimensions
and using the equations in Table 1, we can see in Fig. 6 the
variation of ISB angles due to the buildings in the geometrical
models when the receiver moves from B1 to B2. The green
and blue areas represent the LOS and NLOSs regions, respec-
tively. Fig. 6a shows the variation of ϕISB1 and ϕISB2 in CCM
versus the distance from building B1 which is normalized to
the corresponding street width (d1/do). Fig. 6b demonstrates
the ϕISB angles due to three buildings B1, B2 and B3. As it
shows in this figure, the LOS region of the MCM1 compare
to CCM reduces due to presence of B3 when d1/do > 0.47.
Fig. 6c shows the ϕISB angles inMCM2. The ϕISB3 is the same
asMCM1 but B4confines the LOS region up to d1/do = 0.52.

TABLE 2. Geometrical parameters of CCM and MSMs.

B. PATH LOSS AND SIGNAL LEVEL CALCULATIONS FOR
THE CCM AND THE MCMS
Using (10) and (14) and the model parameters of Table 2 the
path loss level for the CCM and MCMs propagation models
is calculated. Figs. 7 to 9 show the path loss versus the d1/do
for CCM, MCM1 and MCM2 at satellite elevation angles of
θo = 30

◦

(Fig. 7), θo = 60
◦

(Fig. 8), and θo = 120
◦

(Fig. 9).
As it mentioned before in this work the simulations include
wide-band and narrow-band but to simplify graphs, only at
θo = 30

◦

both propagation models are presented and in the
remainder of graphs only wide-band simulation is used. As it
shows in Fig. 6a, there is a rapid variation of the narrow-
band path loss due to a number of ray contributions. Using
(10) and (11), calculation of the wide-band path loss needs
to integration of complex transfer function and the truncated
frequency spectrum of a periodically repeated pseudo-noise
(PN) waveform. Therefore as it shows in Fig. 6b the wide-
band path loss has no more fluctuations. Regarding the path
loss level at θo = 30

◦

, as it shows in Figs. 6a, 6b and 6c
receiver is NLOS1 area in all models. However, there is min-
imum 10 dB path loss difference between CCM and MCMs
as it demonstrates in Fig. 7b. The difference corresponds to
ray contributions mentioned in Table 1, such as double order
diffractions/reflections from buildings B3 and B4. In d1/do <
0.56 the ray contributions include first and second order
diffractions from B4 and reflections from B1 leads to path
loss reduction in MCM2.

VOLUME 7, 2019 25303



H. H. Moghadam, A. B. Kouki: New Modified Urban Canyon Models for Satellite Signal Propagation Prediction

FIGURE 6. Variation of ϕISB vs d1/do in different propagation models.
(a) CCM. (b) MCM1 and (c) MCM2.

At θo = 60
◦

MCM1 and MCM2 have approximately the
same path loss level when the receivermoves fromB1 to B2 as
shown in Fig. 8. The fact that these results are so close is due

FIGURE 7. Comparison of path loss vs. d1/do between CCM, MCM1 and
MCM2 at θ0 = 30◦ in vertical polarization. (a) Narrow-band path loss.
(b) wide-band path loss.

to the dominant ray contributions at this elevation angle being
made of the first order diffractions and the combination of the
diffractions and wall/ground reflections. The CCM has the
same path loss level as theMCMs in d1/do < 0.4.When d1/do
is larger than 0.4 the path loss level for bothMCMs goes up to
177 dB while that for the CCM decreases to around 155 dB,
the free space path loss. This can be explained by referring to
Fig. 6a where it can be seen that the LOS region for CCM is
when d1/do ≥ 0.7 but both MCMs are in NLOS for all d1/do
ratios. At an elevation angle of 120◦, Fig. 9 shows that the
CCM and MCM1 have the same path loss in d1/do < 0.3.
Again, by referring to Figs. 6a and 6b, one can see that both
models are in the LOS region. For d1/do ≥ 0.73 the path
loss of MCM1 is less than that for CCM due to the fact that
the first order diffraction from B3 can reach the receiver for
MCM1 while no such diffraction exists for CCM.
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FIGURE 8. Comparison of the wide-band path loss versus d1/do between
CCM, MCM1 and MCM2 at θ0 = 60◦ in vertical polarization.

FIGURE 9. Comparison of the wide-band relationship of path loss vs
d1/do between CCM, MCM1 and MCM2, at θ0 = 120◦ in vertical
polarization.

C. PATH LOSS DIFFERENCE
As alreadymentioned, the CCM is not accurate in most cases,
especially for areas with high-rise buildings such as the one
shown in Fig. 1. The path loss difference (PLD) between
CCM and both MCMs is calculated as:

PLD = LCCM − LMCM (dB) (16)

where LCCM and LMCM are the path loss levels at receiver in
CCM and both MCMs using the normalized distance from

a building of reference. Figs. 10 and 11 show the path loss
difference (PLD) versus d1/do for satellite elevation angles of
θo = 30◦, 60◦ and 120◦. The geometrical parameters are the
same as Table 2. Fig. 10 demonstrates the PLD level between
CCM and MCM1. As shown in Fig. 10, the maximum PLD
level is at the elevation angle of 30

◦

. In this angle the PLD
level is between 11dB and 30dB. At θo = 60

◦

, in d1/do < 0.7

FIGURE 10. Path loss difference (PLD) level between CCM and MCM1.

FIGURE 11. Path loss difference (PLD) level between CCM and MCM2.

as it can be illustrated in Figs. 6a and 6b, the receiver in
CCM and MCM1 is in NLOS1 region. Therefore there is not
that much PLD level (less than about 12dB). In d1/do > 0.7
receiver in CCM arrives to LOS area, whereas in MCM1 it
is still in NLOS1. Thus the PLD level reaches to range
of 12 to 25dB. At θo = 120

◦

, the minimum PLD level is
expected. The reason is that both CCM and MCM1 are in
LOS region according to Figs. 6a and 6b. The observed PLD
level in the graph is due to diffraction/reflection ray contribu-
tions of B3 demonstrated in Table 1 in MCM1. Fig. 11 shows
the PLD level versus d1/do for MCM2. At θo = 30

◦

PLD
level due to CCM and MCM2 varies between 12 and 21dB.
At θo = 60

◦

the PLD is almost the same as MCM1. It was
expected because of the same path loss level at elevation angle
of 60

◦

according to Fig. 8. At θo = 120
◦

, maximum PLD
level is the lower than that of Fig. 10. At this angle, refer
to Figs 6.a, and 6.c, in d1/do < 0.3, the receiver is in LOS
region for CCM whereas it is in NLOS2 region for MCM2.
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Therefore, maximum PLD level in d1/do < 0.3 is expected.
In d1/do > 0.3, according to Figs. 6.a and 6.c, the receiver in
both CCM and MCM2 arrives in NLOS2 region, as a result
the PLD level is reduced drastically.

Table 3 shows the average and the maximum path loss
difference between CCM and MCMs for satellite elevation
angles from 0

◦

to 180
◦

when receiver is located between
buildings B1 and B2. The geometrical parameters are the
same as Table 2. The path loss difference found in the CCM
model shows the importance of MCMs.

TABLE 3. Average and maximum path loss difference between CCM and
MCMs when receiver is located between B1 and B2.

IV. CONCLUSION
New propagation models for simulating LEO satellite signals
in complex urban environments have been introduced. The
proposed models are modified versions of the conventional
urban canyonmodel that can take into account the presence of
multiple buildings with varying heights. The added buildings
lead to varying shadow boundaries and modify the LOS and
NLOS regions significantly. Using RT and UTD, multiple
realistic scenarios have been simulated and compared to the
conventional model. It has been found that the conventional
canyonmodel can severely under-estimate the path loss, by as
much as 40 dB, and predict satellite visibility when in reality
there is blockage. The proposedmodified propagationmodels
could be incorporated into a GNSS simulators/receivers to
improve the accuracy of navigation in urban environments.
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