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Abstract—This paper studies the channel model for the inte-
grated satellite-terrestrial networks operating at C-band under
deployment in dense urban and rural areas. Particularly, the
interference channel from the low-earth-orbit (LEO) satellite to
the dense urban area is analyzed carefully under the impact of the
environment’s characteristics, i.e., the building density, building
height, and the elevation angle. Subsequently, the experimental
results show the strong relationships between these characteristics
and the channel gain loss. Especially, the functions of channel gain
loss are obtained by utilizing the model-fitting approach that can
be used as the basis for studying future works of integration of
satellite and terrestrial networks (ISTNs).

I. INTRODUCTION

In recent years, one has been witnessing the rapid growth
of traffic demand within terrestrial networks (TNs) due to
the blossoming development of internet-based applications.
Therefore, next-generation mobile networks are expected to
satisfy diverse service requirements, including high data rates,
massive connectivity, and ubiquitous coverage [1], [2]. How-
ever, expanding TNs, especially for reaching underserved and
remote areas, is facing several low-cost efficiency difficulties
[3]-[7]. To manage this surge, the ISTNs emerge as a pivotal
solution for achieving global coverage and boosting network
capacity [1], [2], [8]-[11]. On the other hand, spectrum scarcity
poses a significant challenge to expanding capacity, leading
both satellites and TNs to explore the same frequency bands,
such as the C-band utilized by fixed-satellite-service (FSS)
systems. Consequently, this context opens an essential technical
issue of investigating cross-system interference.

Industrial Trend: In the recent 3GPP releases, the non-
terrestrial-networks (NTNs) have been pressed as an important
complementary part of the 5G era to expand the network
coverage and provide service continuity [12]. Regarding several
NTN-involving 5G use cases, 5G-ALLSTAR project presented
in [13] focused on some efficient multi-connectivity mecha-
nisms in ISTNs. Subsequently, the project discussed the multi-
connectivity and service continuity between NTNs and TNs,
considering architecture aspects and system-level assumptions
within the 3GPP standards in [14]. Particularly, coexistence
scenarios between 5G New-Radio (NR) TN and NTN are ex-
amined in [15], highlighting situations where satellites provide
direct connectivity to user equipment (UEs) in both rural and
urban macro scenarios. Conversely, in dense urban scenarios,
NTN UEs are shown to connect to TNs rather than NTNs.
The impact of system performance loss due to adjacent band
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interference is also explored for these coexistence scenarios
in the S-band. Furthermore, the United States (US) Federal
Communications Commission (FCC) has recently proposed
measures to support the integration of satellite and terrestrial
networks, as detailed in [16]. This proposal emphasizes enhanc-
ing TN coverage through supplemental space-based coverage.
Additionally, during the 3GPP TSG RAN R19 workshop,
MediaTek Inc. [17] presented insights on opening the TN
spectrum bands for SATCOM within the ISTNs.

Following this trend, the utilization of the C-band for the
5G systems including TNs and NTNs has garnered significant
interest recently. In 2020, the US FCC announced a plan to
repurpose a substantial portion of the C-band, previously ex-
clusive to the FSS, for 5G networks in the US. Notably, satellite
operators are required to vacate 280 MHz of the C-band for
TN broadband services in December 2023 [18]. According to
this transition plan, some of the satellite companies, e.g., SES
and Intelsat, have completed the clearing plan in the US before
the end of 2023 [19], [20]. In Europe, the designated bands for
5G include 700 MHz, 3.6 GHz, and 24 GHz, with the 3.6
GHz band (spanning 400 MHz from 3.4 — 3.8 GHz) serving as
the primary frequency for 5G deployment [21]. Consequently,
3GPP has specified sub-bands n77, n78, and n79 within the C-
band for 5G NR. However, the adoption of the C-band for 5G
raises concerns over potential interference with FSS services.
Moreover, under the discussed evolution of ISTNs in [15], the
TN-NTN coexisting systems could collaboratively utilize the
same frequency band, such as C-band, which leads to the need
to examine cross-system interference closely.

Related Works: Recently, several works in literature have
studied the cross-system interference issues in the TN-NTN
coexisting systems [22]-[25]. In [22], the authors analyzed
the interference power caused by 5G base stations (BSs) to
the ground FSS receiver in co-channel and adjacent band
scenarios. Subsequently, the study focuses on the percentage
of critical BSs that generate interference power exceeding a
predefined threshold. In [23], an out-site measurement is carried
out to measure the cross-system interference strength from a
BS to an exclusive zone near the BS (at a distance of 110
m). Furthermore, various scenarios involving tuner and filter
deployment have been explored for interference analysis. In
[24] and [25], the authors delved into an NTN-TN spectrum-
sharing scenario, with a particular focus on interference from
NTN uplink (UL) transmissions. Specifically, [24] examines
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a reverse spectrum allocation strategy to mitigate aggregated
interference from TNs at satellite receivers. Conversely, [25]
introduces a resource group mechanism within the proposed
system architecture to manage interference in the NTN UL
system, emanating from both TN BSs and inter-beam UEs.
However, the analyses in these studies rely on statistical
channel models, neglecting the intricate characteristics of dense
urban settings. Moreover, within ISTNs, the satellite’s extensive
coverage introduces heterogeneity challenges, particularly due
to the vast differences in TN scenarios (remote, rural, urban,
and dense urban). Consequently, urban architectural features
must be accounted for when developing the satellite-to-ground
UE (S2G) channel model to accurately reflect the urban envi-
ronment characteristics. Subsequently, regarding the interfer-
ence between earth stations, a new propagation model was
proposed in the recommendation ITU-R-452 [26]. Notably, this
model incorporates clutter loss from obstacles like buildings
across various environments to enhance accuracy. However, this
statistical model does not account for the specific geographical
features of complex environments, such as dense urban areas.
Thus, a deeper investigation into the actual environmental
characteristics within the channel model is warranted.

Motivation and Contribution: To the best of our knowl-
edge, the existing studies primarily focus on the detrimental
interference from 5G systems to the FSS earth stations. Yet,
the analysis of interference to the 5G system caused by FSS
downlink transmissions has not received significant attention.
This oversight has motivated us to bridge this research gap. The
objective of this study is to examine the impact of dense urban
area characteristics on the channel model within a realistic C-
band coexistence scenario, assessing the viability of utilizing
the C-band for ISTNs. Beyond employing a static channel
model, we evaluate the channel gain loss attributed to the
environment’s complex characteristics using a ray tracing tool
in MATLAB and actual 3D maps. Our experimental findings
reveal significant correlations between these environmental
characteristics and channel gain loss. Notably, we derive func-
tions of channel gain loss through a model-fitting approach,
providing a foundational framework for future ISTN research.

II. SYSTEM MODEL

This work studies the downlink transmission of the coexist-
ing TN and NTN system as Fig. 1. Similar to the coexisting
system described in [15] (Table 6.1-1), an LEO satellite in

NTN is assumed to provide its communication services to the
UEs in rural and edge-urban areas while the TN services are
only for urban areas. In addition, this work focuses on the C-
band which both TNs and NTN can access. Consequently, the
potential cross-interference between two networks emerges as
a critical issue requiring a thorough examination. Particularly,
the large coverage of NTN can substantially impact TNs due
to the power radiating from the LEO toward urban areas.

Furthermore, influenced by the presence of tall buildings and
high housing density, the channel gain from the LEO to urban
devices is different compared to that in rural and edge-urban
areas. Therefore, this study aims to analyze the S2G links
specific to urban regions, considering various characteristics
of a realistic 3D map, such as building height, density, and
elevation angle at ground receiver points. To do so, we first
express the overall path loss of an S2G link as

PL = LFS+Lr+Lc+Lscena (1)
wherein Lgs is the free space path-loss which is defined as
Lrs = 201og fo +20logqd + 32.45, (2)

in which f, is the operation frequency in GHz, d is the distance
between the LEO satellite and the receiver. L, and L, are the
attenuation due to rain and cloud, respectively. Lcen is the loss
due to the properties of scenarios, e.g., dense urban, urban, and
rural areas. It is worth noting that the loss Lgc, consisting of
attenuation due to diffraction, reflection, and wall penetration,
is only calculated if the LoS link between the satellite and
receiver point is infeasible, which can be calculated as

Lscen = (1/Lray + 1/Lwall)71 ) (3)

wherein L, is the loss due to diffraction and reflection
obtained by ray tracing, and L., is the wall-loss. It is worth
noting the receiver point is placed outside the building, thus
the wall penetration loss is modeled twice of O2I building
penetration loss which can be calculated in dB scale as [27]

-L ass — Lconcrete
Luan = 2(5 — 101og (0.7 - 10—50° ) (4)

0 +0.3-107 10

where Lirrglass and Lconcrete are the penetration loss of IRR
glass and concrete materials which are the functions of fre-
quency. It is worth noting that the indoor loss is ignored
due to the negligible indoor distance and only the wall-loss
is considered. Regarding the impact of obstacles in a real
environment (e.g., high buildings), this study assesses the
resultant loss including reflection and diffraction losses by
using ray tracing simulation in MATLAB. The aggregated
loss of a S2G link can be computed as

N -1

Ze_j(m/Li
i=1

where N is the ray number simulated by the ray tracing tool,
¢; and L; are the phase shift and propagation loss of ¢—th ray.

Liay[dB] = 101log — Les[dB],  (5)

III. EXPERIMENTAL RESULTS

This section introduces the simulation for an area in London
city and provides the experimental results of the path loss
between an LEO satellite and the receiver points. The following
is to describe the simulation setup and experimental results.
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Fig. 2: Geographic map of an area in London.

Fig. 3: Ray trace results for a 3D map region in London.

TABLE I: Simulation Parameters

Parameter [ Value

Considered latitude limitation [61.5115°N, 51.5965°N]
Considered longitude limitation [0.1772°W, 0.0076°E]
Size of a map segment 0.005° x 0.005°

LEO satellite altitude 550 km

Receiver height 1m

Size of receiver point mesh in one segment | 100 x 100 points
Operation frequency, f 3.4 GHz

Penetration loss of IRR glass, LirRglass 23 + 0.3 f[GHz]
Penetration loss of concrete, Lconcrete 5+ 4f[GHz]

A. Simulation Setup

The simulation is conducted within an area in Lon-
don bounded by latitude and longitude coordinates ranging
[51.5115°N, 51.5965°N] and [0.1772°W,0.0076°E], respec-
tively. The geographic map of this area is illustrated in Fig. 2.
However, due to the heterogeneity of the vast expanse, the
area is partitioned into a grid of segments, wherein the latitude
and longitude sizes of each segment are 0.005°. For instance,
a detailed geographic map of a segment located at row 2,
column 9 of the map grid is depicted in Fig. 2. Furthermore,
in order to enhance the accuracy of path loss assessment, a
mesh of receiver points is generated for each map segment.

Subsequently, the average path loss between the satellite and
a map segment is computed by averaging the results obtained
from its receiver points. The rain attenuation L, and the cloud
attenuation L. are set as specified in [28] and [29], respectively.
The key simulation parameters are described in Table. I. For
brevity, let us denote the average building height as h, the
building density as y, and the elevation angle as Hejey.

B. Simulation Results

As mentioned above, the evaluation is carried out for each
map segment due to the heterogeneity of the large area. Fig. 3
shows the 3D map and the ray tracing result of the map segment
at row 2 column 9 whose geographic map is shown in Fig. 2.
Subsequently, the path loss result for each receiver point is
determined based on the obtained ray tracing results and (5).

Fig. 4 depicts the heat map of the path loss result of the
whole considered area and the map segment corresponding
to Fig. 2 at the elevation angle is 40°. In the heat map,
white areas represent buildings, while other colors indicate
varying degrees of path loss. Notably, there’s a significant
disparity in path loss results between segments characterized
by high building density and those with minimal buildings. In
segments with few or no buildings, the channel gain between
the satellite and these segments appears strong and relatively
uniform over the whole segment, the path loss is about —160
dB. Conversely, in the segments with high and dense buildings,
the channel gains from the satellite to the receiver points
within each segment are heterogeneous due to the effect of
the building. For instance, let’s consider the heat map result
of one segment at row 2 column 9, receiver points with LoS
links to the satellite demonstrate path loss results similar to
segments without buildings, around —160 dB. However, at
receiver points lacking LoS links with the satellite, the channel
gain is considerably lower, i.e., about from —170 dB to —180
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Fig. 4: Heat map of path-loss in an area in London [dB].
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Fig. 5: The path-loss versus the elevation angle with the building density © =
0.3 and the average building height h = 8.9 m.

dB of path loss, or the channel is nearly blocked, i.e., about
from —200 dB to —240 dB of path loss.

To gain further insights into the relationship between the
environmental characteristics and path loss results, we analyze
the effects of building height, building density, and elevation
angle in the following parts. Specifically, the simulation is
conducted under two scenarios: "Map without building” and

case, the channel gain in the first case is stronger than that
of the other at all examined elevation angle values. Especially,
the gap of loss between the two cases is larger as the lower
elevation angle, since the lower elevation angle leads to a lower
probability of LoS link due to the building obstruction which
can be observed as per Fig. 3. Subsequently, the channel gain
loss result is shown as per Fig. 5b. The loss due to the building
obstruction seems to decrease logarithmically as the elevation
angle increases. The loss of channel gain is significant at the
low elevation angle. Particularly, at the elevation angle lower
than 45°, the loss value is about 10 dB or above. In addition,
it can be seen that the loss value is more dispersal at the
lower elevation angle due to the stronger impact of the building
and the complexity of the environment. Hence, we utilize the
curve-fitting model in Matlab [30]-[32] to approximate the
mathematical relationship between the loss due to buildings and
the elevation angle. In particular, as the observed logarithmic
trend, one can assume that the loss follows a logarithmic
function of the form as

PLscen,elev[dB] = CL?IeV 10g(98|ev) + aglev. (6)

The fitted curve of average loss versus the elevation angle is
depicted as Fig. 5b wherein the coefficients are obtained as
a$'®’ = —25.6 and a§®’ = 51.44.
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Subsequently, we investigate the impact of the building
density on the path loss as per Fig. 6 for the average building
height of h = 8.9 m and the elevation angle of e, = 40°.
First, the average path loss results in two considered cases are
presented in Fig. 6a. It can be seen that the channel gain in
the first case is nearly constant across the examined segments
since it only depends on the terrain height. In contrast, the
path loss varies significantly over the building density of the
segment in the 3D map case. In particular, as the building
density increases, the gap in terms of path loss between the
two cases widens quickly in the range of building density from
about 0 to 0.25 whereas it increases at a slower rate in higher
building densities. At the building density of about 0.05, the
gap in terms of the path-loss between two considered cases is
negligible, i.e., only about 1 dB, since the minimal difference of
map between the two cases. However, the effect of the building
on the path loss is clearer when the building is more dense. For
more insight into the impact of building density, the loss result
versus building density is depicted as per Fig. 6b. It can be seen
that a sufficient value of building density causes a significant
loss to the channel gain. For instance, there are the segments
that experience the loss due to the building of about 10 dB and
17 dB corresponding to the building density of 0.24 and 0.37,
respectively. To further elucidate the mathematical relationship
between the building density and the loss, the fitting approach
is applied to the experimental data, wherein the relationship
function is assumed to be a logarithmic form as

PLscen,den - a(ilen IOg(/J, + agen) + agen- (7)
The obtained curve is illustrated as per Fig. 6b with af*" =
53.76,a3e" = 0.49 and a$*" = 15.96.

Finally, we investigate the influence of the average building
height on the path loss as follows in the scenario of building
density © = 0.4 and elevation angle 6., = 40°. First, the
path loss result in two cases of the map is illustrated as per
Fig. 7a. Similar to Fig. 6a, the path loss results remain nearly
unchanged in the case without building. In contrast, the path
loss result varies clearly across segments due to the influence
of buildings in the case of the actual map. It can be observed
intuitively that as the increasing of average building height, the
channel gain decreases first quickly and then more slowly. To
assess the impact of the building height on the channel gain
loss, the loss versus the average building height corresponding
to the result in Fig. 7a is depicted in Fig. 7b. It can be seen
that the building height affects significantly the channel gain.
In particular, the change of the average building height from
8.8 m to 13.5 m results in the increase of the average loss
from 8 dB to 17 dB. Based on the observed varying trend, one
assumes that the experimental data points are approximated as

PLycen w[dB] = af} log(h[m] + a) + af. ®)

For the fitting model, the fitted function is illustrated as per
Fig. 7b wherein a} = 9.2,a}} = —6.7 and af} = 7.3.

In addition, it can be seen that the channel gain between
the LEO satellite and the receivers located in the urban areas
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Fig. 6: The path-loss versus the building density with the average building
height of A = 8.9 m and elevation angle O, = 40°.

TABLE II: Approximated functions of the loss.

[ Scenario | Function [ Coefficient
u=03 P Lscen,elev[dB] af® = -25.6
h=89m = ai'e" 1og(Oelev) + a;'e" a%'e" =51.44
h=89m | FLscendenldB] a®" = 53.73,a3*"=0.49
Oeley = 40° = ad*" log( + a$®") + ad" | aden =15.96
pn=04 PLscen,h[dB] (l’ll = 9.2,0,3 = —6.7
Oelev = 40° = a log(h[m] + af}) + af} ah =173

is impacted significantly by the characteristics of the urban
environment and the elevation angle at the receiver. Regarding
the considered ISTN scenario, the channel gain may weaken
at specific locations due to factors such as building density
and height, as well as the elevation angle, which results in
negligible interference from the LEO satellite to the terrestrial
receiver. Summarily, the obtained approximated functions of
loss due to the scenario characteristics across various cases
are presented in Table. II. It is noteworthy that these function
forms can be applied to the other experimental data with the
other coefficients. Moreover, the derived function can be used
as the basis for studying the ISTNs to consider the impact of
the characteristics of the actual map.

IV. CONCLUSION

In this work, we studied the integrated LEO satellite and
terrestrial downlink systems in a heterogeneous region encom-
passing both rural and densely urban areas. Specifically, we
delved into the S@G channel gain for dense urban regions,
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taking into account the intricate characteristics of dense urban
environments and various scenarios of elevation angles. Our
experimental findings underscore the substantial influence of
urban architectural characteristics and elevation angles on chan-
nel gain, thereby affirming the feasibility of the ISTN scenarios.
Notably, the derived function of the channel gain loss can be
used as the basis for future works on ISTNs.
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