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Abstract. Reliable design of radio relay links in complex
propagation environments remains a significant challenge
for mission-critical communication systems. This paper
presents a propagation-aware link budget methodology
that integrates terrain morphology, Fresnel zone clear-
ance, atmospheric attenuation (including gaseous absorp-
tion and precipitation), and multipath propagation into
a unified analytical framework in accordance with ITU-R
recommendations. The main contribution lies in the sys-
tematic integration of multiple propagation mechanisms
into a unified procedure for link availability estimation and
propagation-aware radio-relay link assessment. A repre-
sentative 15 GHz radio relay link between the Laz tunnel
and the Ovcar site, designed for a capacity of 100 Mb/s
within a TETRA system, is used as a case study for verifi-
cation. Analytical calculations of received signal power,
fade margin, and link availability are supported by simula-
tion-based verification using Radio Mobile. Good agree-
ment between analytical and simulation-based predictions
was obtained, with a received signal level difference below
2 dB. Multipath propagation is identified as the dominant
degradation mechanism, while rain attenuation has a sec-
ondary impact. The achieved link availability exceeds
99.99%, demonstrates practical applicability for the con-
sidered case study.
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1. Introduction

The rapid expansion of modern transportation and
critical infrastructure systems imposes increasingly strin-
gent requirements on wireless communication network
design [1], particularly in complex environments such as
tunnels and mountainous regions. In such scenarios, ensur-
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ing continuous, reliable, and secure communication is
essential for traffic safety, operational coordination, and
emergency response. These requirements are especially
important in mission-critical systems, where even short
communication interruptions may lead to significant opera-
tional risks [2], [3].

TETRA (Terrestrial Trunked Radio) systems are
widely deployed in such applications due to their high
reliability, low latency, and support for prioritized group
communication. However, achieving stable radio coverage
in environments characterized by obstructed visibility and
irregular terrain remains a significant challenge [4]. Under
such conditions, signal propagation deviates from ideal
free-space assumptions and becomes strongly influenced
by terrain morphology, atmospheric conditions, and multi-
path propagation mechanisms, resulting in additional at-
tenuation and signal fluctuations. Tunnel environments
further exacerbate these effects due to confined geometry
and pronounced multipath components [4]. Recent studies
in TETRA systems have confirmed that signal propagation
in such environments strongly depends on geometry, sur-
face properties, and environmental conditions, significantly
affecting overall link performance.

Accurate modeling of radio wave propagation is
therefore essential for reliable link design and performance
prediction. Classical approaches to radio system design
provide a solid theoretical foundation, but often rely on
simplified assumptions that do not fully capture the com-
plexity of real propagation environments. Recent research
indicates that propagation modeling remains an open chal-
lenge, particularly in complex environments where multi-
ple mechanisms interact simultaneously, requiring more
advanced and integrated approaches. Furthermore, modern
studies emphasize that accurate representation of the prop-
agation environment plays a crucial role in reliable link
quality prediction in the millimeter-wave band [5].

Several recent works have addressed specific aspects
of radio relay system design. Reference [6] focused on
improving operational reliability through IT-based moni-
toring and control strategies, while [7] investigated
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TETRA system design with emphasis on reliability indica-
tors. An optimized planning tool for microwave links based
on simulation-driven approaches is proposed in [8], while
references [9] and [10] analyzed rain attenuation effects
using advanced prediction models. In addition, recent work
has proposed KPI-driven microwave link planning meth-
odologies integrating line-of-sight analysis, link budget
evaluation, and availability assessment for reliable back-
haul deployment in challenging environments [11], while
reference [12] compared relay techniques for long-distance
transmission, and [13] extended relay concepts toward
beyond-5G systems. Compared to previous studies ad-
dressing individual aspects of radio-relay system design,
this work combines analytical modeling, simulation-based
verification, and a real-case radio-relay link within a uni-
fied assessment framework. The presented case study
demonstrates the practical applicability of the proposed
workflow for the considered propagation conditions and
may provide a basis for future investigations in similar
environments.

At higher frequencies, propagation losses and sensi-
tivity to environmental conditions become more pro-
nounced, further emphasizing the need for accurate propa-
gation-aware modeling [14]. Experimental studies
conducted in realistic environments confirm that complex
terrain and environmental conditions introduce significant
deviations from ideal propagation models, directly affect-
ing system performance and link reliability, as demon-
strated in long-range communication systems such as LoRa
[15]. Similar observations regarding the importance of
accurate terrain representation in propagation prediction
were reported in [16], where the influence of terrain sam-
pling density on propagation model accuracy was analyzed
for a 5G NR-V2X scenario. Although focused on a differ-
ent application and frequency band, the results confirm that
terrain morphology and propagation modeling accuracy
have a significant impact on reliable link performance
prediction. Therefore, a more comprehensive and physical-
ly grounded approach is required for accurate radio relay
link design in such environments.

To address these challenges, radio relay systems are
commonly employed as an efficient and cost-effective
solution for extending coverage in areas with limited or
obstructed line-of-sight (LoS). Compared to conventional
base station deployments, relay-based architectures im-
prove signal availability and overall system robustness.
Although alternative backhaul solutions, such as optical
fiber and public cellular networks, exist, they often fail to
meet the required levels of availability and economic feasi-
bility in challenging propagation conditions. Properly de-
signed radio relay links, supported by accurate propagation
modeling, provide high autonomy and stable performance.

The selected 15 GHz frequency band was adopted in
accordance with the technical requirements of a TETRA
communication network deployed for mission-critical
services. The considered radio-relay link serves as a redun-
dant transmission path for TETRA base stations located

along a transportation corridor and provides connectivity
between two geographically separated sites. The selected
frequency range is widely used for fixed point-to-point
microwave systems due to its favorable compromise be-
tween transmission capacity, antenna dimensions, and
propagation performance over medium-distance links.

The frequency arrangement adopted in this study fol-
lows reference [18] which specifies channel arrangements
for fixed wireless systems operating in the 14.4-15.35 GHz
band. The selected duplex channel bandwidth of 28 MHz is
consistent with practical radio-relay deployments and sup-
ports the required transmission capacity of 100 Mb/s.

From the regulatory perspective, the selected frequen-
cy band is consistent with the ITU-R [38], the ECC fre-
quency allocation recommendations [37], and the national
frequency allocation framework administered by the regu-
latory authority [36]. In practical radio-relay systems,
channel assignment, licensing conditions, interference
coordination, and frequency availability represent im-
portant design constraints. In the considered system, chan-
nel allocation is performed according to the applicable
national regulations, while alternative channels may be
selected in the event of co-channel or adjacent-channel
interference.

Propagation characteristics at approximately 15 GHz
are strongly influenced by rainfall attenuation, atmospheric
gaseous absorption, multipath fading, and terrain-related
effects. The present analysis explicitly considers these
propagation mechanisms through the application of the
corresponding ITU-R recommendations, allowing their
combined influence on fade margin, availability, and link
performance to be assessed. Consequently, the selected
frequency band represents an appropriate case for demon-
strating the practical application of propagation-aware
radio-relay link assessment [9, 10, 14, 25, 27, 29, 31].

Compared to the authors’ previous work [17], which
focused on preliminary link design aspects, this paper ex-
tends the analysis by presenting a complete link budget
calculation, together with availability analysis in accord-
ance with ITU-R recommendations and comparison with
simulation results using Radio Mobile, thereby providing
acomplete and practically applicable methodology for
radio relay link design. Radio Mobile is a radio planning
and propagation simulation tool based on digital terrain
elevation data and the Longley—Rice propagation model. It
enables terrain-profile extraction and prediction of key
propagation characteristics for terrestrial radio links. It was
employed to assess the consistency of the analytical predic-
tions and to provide additional confirmation of the ob-
tained propagation and link-budget results.

In contrast to existing approaches, this paper proposes
an integrated propagation-aware framework for radio relay
link design, which simultaneously accounts for terrain
morphology, Fresnel zone clearance, atmospheric attenua-
tion, rain effects, and multipath fading in accordance with
ITU-R recommendations [18-31]. The proposed method-
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ology combines analytical modeling with independent
simulation results, enabling practical applicability and
consistency assessment.

The proposed approach should not be interpreted as a
new propagation model or a replacement for established
ITU-R prediction methods. Its contribution lies in the
structured integration of terrain analysis, atmospheric ef-
fects, fading prediction, availability assessment, and simu-
lation-based verification within a unified radio-relay link
assessment procedure.

The main contributions of this work can be summa-
rized as follows:

e Development of a structured propagation-aware as-
sessment workflow integrating terrain morphology,
Fresnel-zone clearance, atmospheric attenuation, rain
effects, multipath fading, and availability estimation
within a unified link design procedure,

e Evaluation of link availability in accordance with
ITU-R recommendations,

o Application of the proposed methodology to a repre-
sentative 15 GHz TETRA radio relay link in a com-
plex environment, between the Laz tunnel and the
Ovcar site.

e Combined analytical and simulation-based assess-
ment.

This paper is organized as follows: Section 2 presents
the proposed propagation-aware radio relay link design
methodology. Section 3 describes the outage probability
analysis based on ITU-R recommendations, while Sec-
tion 4 presents the radio relay link availability analysis.
Section 5 provides the link budget results and discussion.
Finally, Section 6 concludes the paper and outlines direc-
tions for future work.

2. Propagation-Aware Radio Relay
Link Design Methodology

This section presents the proposed propagation-aware
assessment procedure for radio relay link design. The ap-
proach is based on the integration of standard propagation
models defined in ITU-R recommendations and established
propagation theory. All equations adopted from the litera-
ture are explicitly referenced. The main contribution of this
work is the integration of multiple propagation mecha-
nisms, availability assessment procedures, and simulation-
assisted evaluation into a unified propagation-aware as-
sessment framework, rather than the development of new
analytical expressions. The proposed approach enables
practical radio-relay link performance evaluation under
complex propagation conditions.

The selected operating frequency represents a practi-
cal microwave band widely used for fixed-service radio-
relay applications. It provides a suitable compromise be-

tween available channel bandwidth, achievable transmis-
sion capacity, antenna dimensions, and propagation relia-
bility for short- and medium-range microwave links.
Compared with lower microwave frequency bands, it ena-
bles higher transmission capacities while maintaining rela-
tively compact antenna dimensions and adequate link
availability when appropriate fade margins are applied.
These characteristics make this frequency range particular-
ly suitable for mission-critical communication systems,
where both high reliability and efficient spectrum utiliza-
tion are required.

At the same time, propagation in this band becomes
increasingly sensitive to atmospheric and environmental
effects compared with lower microwave frequencies. Rain
attenuation, gaseous absorption, and multipath fading
therefore play a more significant role in determining link
availability and fade-margin requirements. Consequently,
accurate propagation-aware modeling becomes essential
for reliable system design.

From a regulatory perspective, this frequency range
belongs to bands allocated for fixed-service microwave
applications and is governed by international, European,
and national frequency-management frameworks. Its utili-
zation is harmonized through relevant ITU and ECC/CEPT
recommendations [37], [38], while national implementation
is regulated through the Serbian National Frequency Allo-
cation Plan administered by RATEL [36]. These frame-
works define channel arrangements, spectrum usage condi-
tions, and interference-management requirements that are
essential for practical radio-relay system deployment.

In this study, the link design is based on key system
parameters, including operating frequency, channel band-
width, modulation scheme, polarization, and antenna char-
acteristics and verified through simulation-based analysis.
Particular emphasis is placed on propagation-related con-
straints, which play a dominant role in determining link
performance in complex environments.

Efficient frequency planning must comply with regu-
latory frameworks [18], ensuring minimal interference and
optimal spectrum utilization. Additionally, modern systems
support hybrid traffic (Ethernet and TDM), adaptive modu-
lation, and advanced network management functionalities.

Accurate link design requires detailed modeling of
propagation conditions. Unlike simplified free-space ap-
proaches, real environments introduce additional losses due
to terrain morphology, atmospheric effects, and multipath
propagation. Multipath propagation [25], caused by reflec-
tion and scattering mechanisms, represents a key impair-
ment in complex environments such as mountainous re-
gions and tunnel surroundings, and must therefore be
incorporated into the link budget analysis.

2.1 Path Profile Analysis

The first step in the design process is terrain profiling,
based on digital elevation data, which enables verification
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of line-of-sight (LoS) conditions and identification of po-
tential obstacles along the path. Environmental parameters
such as temperature, atmospheric pressure, humidity, and
rainfall significantly influence signal attenuation, particu-
larly at higher frequencies. These effects are modeled using
established ITU-R recommendations. The proposed design
methodology is applied to a 15GHz radio relay link be-
tween the Laz tunnel (Station A) and the Ovcar site (Sta-
tion B).

For radio-relay paths exceeding 10 km, obstacle ele-
vations are calculated using the equivalent Earth radius
rather than the actual Earth radius. The equivalent Earth
radius, Re (km), is defined in [25] and obtained from (1):

Re :k'RO (1)

where Rg (km) is the actual Earth radius, Ro= 6378 km and
k is refractive factor (tropospheric factor). The value of the
refraction factor k is variable and depends on the season,
temperature variations, altitude, section length [22]. The
mean value applied in calculations for the European main-
land is k = 4/3, under standard atmospheric conditions. Due
to the short length of the considered link (3.57 km), the
effect of Earth curvature is negligible and does not signifi-
cantly influence the propagation path.

The main requirement for radio-relay link operation is
the existence of LoS between the antennas of Station A and
B. In addition to LoS, Fresnel zone clearance must also be
verified to ensure unobstructed electromagnetic wave
propagation. Obstructions within the first Fresnel zone may
introduce diffraction losses and degrade link performance.
LoS between the antennas exists if the following condition
in (2) is satisfied, according to [25]:

d d
h=h, - —2+h,.—Xt—qg-— 2
g e ATy @)

where ha, hg (m) are elevation of the antenna center at
stations A and B, di, d» (km) are distances to the obstacle
from stations A and B, d is horizontal distance between the
stations A and B, g (m) is obstacle elevation, y (m) is Earth
curvature correction.

The terrain profile and locations of the radio relay sta-
tions were determined using Digital Terrain Model (DTM)
data, as shown in Fig. 1. Radio relay station parameters are
given in Tab. 1.

In addition to LoS conditions, unobstructed elec-
tromagnetic wave propagation must also be ensured. This

Fig. 1. Geographical locations of the radio relay stations.

Parameter [m] Station A - Laz Station B — Ovcar
Latitude 43°51'53.21" N 43°53'46.74" N
Longitude 20°13'37.39" E 20°13'01.36" E
Ground 455 m 964 m
elevation
Antenna height 19m 20m
above ground

Tab. 1. Radio relay station site parameters.

requirement is satisfied when the first Fresnel zone remains
completely free of obstacles along the propagation path.
The radius of the first Fresnel zone at any point along the
path is determined using (3) according to [26]

r=31.6- /z-—dl -4 ®3)
d, +d,

where r (m) is radius of the first Fresnel zone and A is
wavelength, for the required frequency.

The distances d; and d, are mutually dependent, since
their sum corresponds to the total length of the radio-relay
link.

Based on the considered link distance, operating fre-
quency, and antenna heights of 20 m and 19 m, the maxi-
mum radius of the first Fresnel zone can be obtained by
determining the maximum value of (4)

, d
r=17.32. |—. 4
17 Q)

The analysis indicates that the maximum radius of the
first Fresnel zone is 4.2 m, while the Fresnel ellipsoid,
neglecting terrain morphology and obstacles, extends
approximately 16 m above the ellipsoid reference surface.

The horizontal distance between the two radio relay
stations was calculated without considering Earth curvature
or the elevation difference between Laz and Ovcar site, but
rather as the direct horizontal separation between the loca-
tions. The horizontal distance between the sites is obtained

by (5)
d,, =d-cos(a[rad]). ®)

The horizontal distance between radio relay stations
Laz and Ovcar denoted as du, is 3.57 km. The spatial dis-
tance between the antennas at radio relay stations, taking
into account the elevation angle, is d = 3.58 km. The dis-
tance between the Laz and Ovcar locations, considering the
terrain profile, is 3.69 km.

The antenna azimuths are defined as deviations from
north. The elevation angles of the antennas are given by the
following expressions (6), (7):

a =arctg [—hAd_ hy J (6)
H
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S =arctg [th;hA) (7)

H

where a, B (°) are elevation angles at stations A and B, ha
is antenna elevation at Station A, hg is antenna elevation at
Station B, dy is the distance between radio-relay Stations A
and B.

The azimuths of the antenna orientations and the an-
tenna elevation angles at radio-relay Stations A and B are
given in Tab. 2.

Narrow beamwidths demand precise mechanical tilt-
ing and accurate pointing for reliable reception, for antenna
elevation angle of about 8° at 15 GHz. Linking the calcu-
lated elevation angles to the actual physical alignment
provides valuable guidance for minimizing signal degrada-
tion under real mountainous conditions.

Based on [23], [24], the route along which the digital
radio-relay link is planned to be implemented is located in
an area characterized by the following environmental link
quality analysis conditions, shown in Tab. 3.

The link budget represents a fundamental tool for
evaluating system performance and includes all relevant
gains and losses along the propagation path. The quality of
a digital radio relay link is primarily determined by the
received signal level, propagation losses, antenna gains,
and the available fading margin. These parameters define
the reliability and performance of the system under real
operating conditions. The received signal level is initially
evaluated under non-fading conditions and calculated ac-
cording to standard link-budget methodology [2], [3] as in (8):

P=P-A ®

where P; (dBm) is the transmitted power and A represents
the total propagation attenuation. The total path attenuation
is defined as the difference between total propagation losses
and the overall antenna gain [20], [25] and calculated in (9):

A=A -G, ©)

where A; (dB) includes all propagation-related losses, and
Guk (dB) represents the total antenna gain.

. . L Elevation angle to
Station Azimuth to other station (°) other station (°)
A (Laz) 347.75 — B (Ovcar) 8.124
B (Ovcar) 167.75 — A (Laz) -8.147

Tab. 2. Antenna azimuths and elevation angles at radio-relay
Stations A and B.

Parameter Value
Average air temperature 15°C
Average atmospheric 1013 hPa
pressure
Average water vapor 3
density (worst month) 150 g/m
Absolute humidity 0.320 g/m3

Tab. 3. Parameters of the radio-relay link environment.

The total attenuation consists of multiple components,
including free-space path loss, diffraction losses due to
terrain obstacles, atmospheric absorption, losses introduced
by system components (waveguides, cables, filters, con-
nectors), additional implementation and tolerance losses.
The free-space path loss depends on the link distance and
operating frequency and is given by (10), according to
[20]:

A, =92.4+20log,, d +20log,, f (10)

where d (km) is the link distance and f (GHz) is the operat-
ing frequency. This expression is valid under far-field
conditions.

The total gain of the parabolic antennas is defined as
the sum of the antenna gains at both ends of the link, re-
duced by the attenuation introduced by the radomes. The
gain is expressed relative to an isotropic radiator and can
be calculated as follows (11), according to standard anten-
na-gain relations [3]:

Guk = GA + GB - AdA - A’dB (11)

where Ga (dBi) is the gain of the parabolic antenna at the
radio relay Station A (Laz), Gg (dBi) is the gain of the
parabolic antenna at the radio relay Station B (Ovcar), Ara
(dB) is the radome attenuation at the antenna at the radio
relay Station A, Ags (dB) is the radome attenuation at the
antenna at the radio relay Station B.

The gain of a parabolic antenna depends on its diame-
ter and the operating frequency of the digital radio-relay
link. It is expressed relative to an isotropic radiator and can
be calculated using the following expression (12), accord-
ing to classical parabolic antenna theory [3]:

G =17.8+20log,, D+20log,, f (12)

where G (dBi) represents the gain of the parabolic antenna
relative to an isotropic radiator, D (m) is the antenna
diameter, and f (GHz) is the operating frequency.

The terrain profile and Fresnel zone clearance are il-
lustrated in Fig. 2, confirming unobstructed propagation
conditions along the link.

‘Ovéér Mountain
Radio Relay Station .

Fig. 2. Terrain profile and first Fresnel zone clearance for the
15 GHz radio relay link between the Laz tunnel and
the Ovcar site, showing clear LoS conditions and
unobstructed propagation.
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To ensure reliable operation, a fading margin must be
defined to compensate for signal level variations caused by
multipath propagation and environmental effects [25]. It is
calculated as in (13):

A =F-RK (13)

where Pp (dBm) is absolute receiver threshold level de-
fined for a corresponding bit error ratio (BER).

In practical systems, interference from nearby radio
systems may degrade the receiver sensitivity. Therefore,
the effective fading margin is reduced as (14):

AYri = Afr - At/l (14)

where Aci(dB) represents degradation of the receiver
threshold for a given carrier-to-interference ratio (C/1).

Due to the analyzed short path length, Earth curvature
effects are negligible and do not introduce additional prop-
agation losses. The propagation environment is further
characterized by moderate climatic conditions, with a rain
rate of 31.46 mm/h (0.01% of time), corresponding to
climatic zone K [22].

The design procedure starts with the definition of the
input system and environmental parameters. The proposed
propagation-aware radio-relay link design methodology
consists of ten sequential steps, as illustrated in Fig. 3.
These include the selected frequency band, link distance,
required transmission capacity, target availability, and
terrain data describing the geographical area of interest.
These parameters establish the initial design requirements
and provide the basis for all subsequent propagation, avail-
ability, and link-budget calculations. In the first step,
a detailed terrain profile is extracted from digital terrain
data. This step is addressed in Sec. 2.1. The obtained pro-
file is used to verify line-of-sight conditions between the
candidate radio-relay sites and to identify potential terrain
obstructions along the propagation path. The influence of
Earth curvature is also considered through the effective
Earth-radius approach, allowing a realistic assessment of
path geometry under standard atmospheric conditions.
Based on the terrain profile, line-of-sight conditions, and
obstacle clearance, an initial feasibility assessment of the
radio-relay path is performed [18, 19, 25].

Step 2 focuses on Fresnel-zone analysis and antenna
configuration optimization. The analytical relations used in
this step are presented in Sec. 2.1. The radius of the first
Fresnel zone is calculated along the propagation path and
used to verify that sufficient clearance is maintained above
terrain obstacles. Potential obstructions within the Fresnel
zone are identified and assessed because they may intro-
duce diffraction losses and degrade link performance.
Based on the obtained clearance conditions, the required
antenna heights are evaluated and, if necessary, adjusted to
ensure reliable propagation and compliance with the rec-
ommended Fresnel-zone clearance criteria. This step is
particularly important for minimizing diffraction effects
and achieving the fade margin required for high-
availability radio-relay operation [25], [26].

Step 3 addresses the evaluation of the propagation
losses affecting the radio-relay link. The propagation-loss
calculations used in this step are presented in Sec. 2.1. The
free-space path loss is first calculated as a function of the
operating frequency and propagation distance. Additional
attenuation mechanisms, including diffraction loss caused
by terrain obstructions and clutter- or terrain-related losses,
are then considered to obtain a more realistic representation
of the propagation environment. The individual loss com-
ponents are combined to determine the total propagation
loss, which represents one of the key parameters for subse-
quent link-budget calculations and received signal level
estimation. Accurate evaluation of these losses is essential
for reliable prediction of link performance and availability
in complex propagation environments [20, 25, 26].

Step 4 involves the characterization of environmental
conditions and the evaluation of atmospheric attenuation
mechanisms affecting radio-wave propagation. The atmos-
pheric attenuation models introduced in this step are used
in the outage-probability analysis presented in Sec. 3. The
relevant climatic and meteorological parameters, including
temperature, atmospheric pressure, humidity, water-vapor
density, and regional rainfall characteristics, are first de-
termined for the considered propagation environment [24],
[25]. Based on these parameters, attenuation due to gase-
ous absorption by oxygen and water vapor is evaluated
using the corresponding ITU-R models [27]. In addition,
attenuation caused by precipitation, including rain effects,
is estimated using regional rainfall statistics and frequency-
dependent attenuation coefficients [23], [29]. The impact
of clouds and fog is also considered, particularly under
adverse weather conditions where additional attenuation
may occur [31]. At microwave frequencies, atmospheric
effects significantly influence propagation. Therefore,
accurate characterization of environmental conditions is
essential for reliable loss estimation and availability prediction.

Step 5 involves the evaluation of geoclimatic parame-
ters required for fading and outage prediction. The ob-
tained geoclimatic parameters are later used in the outage
probability calculations presented in Sec. 3.1 and 3.2. The
geoclimatic factor is determined using regional climatic
data, terrain characteristics, and atmospheric refractivity
conditions. Particular attention is given to the refractivity
gradient in the lower atmosphere, which directly influences
the effective Earth-radius factor and the propagation char-
acteristics of terrestrial microwave links. In addition, re-
gional climatic conditions and worst-month statistics are
analyzed because they provide the basis for predicting the
occurrence of severe propagation impairments and fading
events. The obtained geoclimatic parameters are subse-
quently used for outage probability calculations and link-
availability assessment in accordance with ITU-R recom-
mendations [22], [25].

Step 6 focuses on the assessment of multipath propa-
gation effects and fading statistics. The fading and outage
prediction procedures are described in Sec. 3.1-3.3. Both
flat (non-selective) and selective fading mechanisms are
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analyzed because they represent the dominant sources of
signal degradation in terrestrial microwave radio-relay
systems. The statistical distribution of fade depth is evalu-
ated using ITU-R prediction procedures, while the multi-
path occurrence factor is determined from the previously
calculated geoclimatic parameters. For selective fading
analysis, the signature curve method is applied to estimate
the probability that the bit error ratio exceeds the specified
performance threshold under multipath conditions. The
combined analysis of fade-depth distribution, multipath
occurrence statistics, and selective fading characteristics
provides the basis for predicting outage probability and
evaluating the reliability of the radio-relay link under real-
istic propagation conditions [21, 25, 35].

Step 7 consists of availability and outage performance
evaluation. Availability assessment is presented in Sec. 4.
Annual availability is calculated by combining the contri-
butions of the dominant propagation impairment mecha-
nisms identified in the previous steps. The outage probabil-
ity associated with multipath fading is first estimated using
the geoclimatic parameters, fade-depth statistics, and
worst-month prediction procedures recommended by the
ITU-R [25]. Subsequently, the contribution of rain-induced
attenuation to link unavailability is evaluated using region-
al rainfall characteristics and frequency-dependent attenua-
tion models [23, 25, 29]. The individual outage contribu-
tions resulting from multipath propagation and
precipitation effects are then combined to determine the
overall annual availability of the radio-relay link. This step
provides the principal performance indicator used to assess
system reliability and to verify whether the designed radio-
relay link satisfies the required service-availability objec-
tives and quality-of-service requirements [23, 25, 29].

Step 8 provides verification of the analytical results
using the Radio Mobile software tool [39]. The verification
procedure is presented in the first part of Sec. 5. The analy-
sis is performed using the same geographical coordinates,
terrain profile, antenna heights, antenna characteristics,
operating frequency, and propagation path parameters
adopted in the analytical assessment. The generated terrain
profile is used to verify line-of-sight conditions and con-
firm adequate Fresnel-zone clearance along the entire ra-
dio-relay path. Furthermore, terrain-aware propagation
analysis is conducted to estimate the received signal level
and overall path performance under realistic environmental
conditions. The obtained results are subsequently com-
pared with the analytical predictions, providing an inde-
pendent consistency assessment. This comparison provides
additional confidence in the analytical assessment and
demonstrates the practical applicability of the proposed
radio-relay link design procedure [25], [39].

Step 9 provides the final evaluation of the radio-relay
link performance. The corresponding link-performance
results are discussed in the subsequent part of Sec. 5. The
received signal level is determined using the calculated link
budget and compared with the receiver sensitivity
threshold in order to verify adequate signal reception under

Radio Relay Link Design Flowchart
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Fig. 3. Flowchart illustrating the proposed propagation-aware
radio relay link design methodology.

normal operating conditions. The previously evaluated
Fresnel-zone clearance and propagation losses are taken
into account when assessing the overall link performance.
Based on the difference between the received signal level
and the receiver threshold, the available fade margin is
calculated and used as an indicator of the link robustness
against propagation impairments. In addition, signal-to-noise
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Parameter / Concept Symbol Unit Description
Frequency band 15 GHz Operating frequency
Channel bandwidth 28 MHz Duplex channel bandwidth
Link distance (horizontal) 3.57 km Horizontal distance between sites
Link distance (slant) 3.58 km Spatial distance between antennas
Antenna diameter 0.3 m Parabolic antenna size
Antenna heights 19/20 m Laz / Ovcar site
Antenna gain 30.86 dBi Gain per antenna
Transmitted power 22 dBm Maximum transmitter output
Received signal level -44.28 | -43.81 dBm Ovcar-Laz site
Fade margin 18.72/19.19 dB Ovecar / Laz site
Polarization Vertical - Signal polarization
Fresnel zone radius (max) 4.2 m First Fresnel zone (mid-path)
Rain rate (0.01%) 31.46 mm/h (Zone K) [22]
Configuration 1+0 - System architecture
Capacity 100 Mb/s Transmission capacity

Tab. 4. Key parameters of the analytical radio relay link design stage.

ratio (SNR) and bit error rate (BER) performance are eval-
uated to confirm that the selected modulation scheme and
transmission parameters satisfy the required quality-of-
service criteria. This step provides a comprehensive
assessment of link reliability and verifies whether the de-
signed system fulfills the specified technical and opera-
tional requirements [25, 33, 34].

Finally, Step 10 performs the final design verification
and decision process. The calculated availability, fade
margin, received signal level, BER performance, and other
key system parameters are compared with the predefined
design requirements. If all performance objectives are
satisfied, the radio-relay link configuration is accepted as
the final design solution. Otherwise, the design parameters,
such as antenna height, antenna gain, transmitted power,
modulation scheme, or other system characteristics, are
adjusted and the entire assessment procedure is repeated.
This iterative approach ensures that the final radio-relay
link design achieves the required reliability, availability,
and quality-of-service targets under the considered propa-
gation conditions [25].

The subsequent sections describe the individual work-
flow steps presented in Fig. 3 and explain the correspond-
ing analytical procedures, propagation analyses, availabil-
ity calculations, verification process, and link-performance
assessment.

The main parameters of the analyzed radio relay link
are summarized in Tab. 4.

3. Probability of Outage in Radio
Relay Links

The design of line-of-sight (LoS) radio relay systems
requires careful consideration of various propagation
effects that can degrade signal quality and lead to link
outages. Reference [25] provides standardized methods for
predicting these effects and estimating the availability and
reliability of terrestrial microwave links. Several propaga-
tion phenomena must be considered in LoS radio relay
design: diffraction fading due to terrain obstacles or partial

obstructions, atmospheric gas attenuation (oxygen and
water vapor absorption), multipath fading caused by reflec-
tions and atmospheric layering, beam spreading and defo-
cusing due to refractive index variations, attenuation due to
precipitation (rain, snow, hail) and atmospheric particles,
variations in angle of arrival and departure due to refrac-
tion reduction of cross-polarization discrimination (XPD),
signal distortion due to frequency-selective fading and
delay spread. These mechanisms contribute to total propa-
gation loss and directly impact link availability. Total
propagation loss consists of multiple contributions, includ-
ing free-space loss, atmospheric gas attenuation, diffraction
loss, multipath fading effects, and rain attenuation. Unless
otherwise stated, the outage prediction equations presented
in this section are adopted from the relevant ITU-R rec-
ommendations, primarily [21], [25] and [29]. Atmospheric
gas attenuation [27] becomes significant above 10 GHz
and is calculated as (15):

A =7,-d [dB] (15)

where 5, (dB/km) is the specific gaseous attenuation and A,
is the total gaseous attenuation along the propagation path.
The specific attenuation ; is calculated in accordance with
[27], as follows (16):

Vo =70 =) (16)

where » (dB/km) is specific attenuation due to dry air and
# (dB/km) is specific attenuation due to the presence of
water vapor in the air.

The attenuation due to gaseous absorption is calcu-
lated under standard environmental conditions: air tem-
perature of 15°C, atmospheric pressure of 1013 hPa, and
a water vapor density of 15.0 g/m3 ([25], for the worst
month). For long paths at frequencies above 20 GHz, it is
advisable to consider the statistical distribution of water
vapor density and ambient temperature along the propaga-
tion path. Information on water vapor density is provided
in [25]. However, in this case, the use of a standard value
of 7.5 g/m? has a negligible impact on the accuracy of the
calculation.
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Variations in atmospheric refractivity conditions
cause changes in the effective Earth radius or the k-factor
from its mean value, which is approximately 4/3 for
a standard atmosphere [22]. When the atmosphere becomes
sufficiently refractive (large positive values of the refrac-
tive index gradient and a reduced value of the k-factor), the
propagation path of the radio beam is bent such that the
Earth appears as an obstacle along the direct path between
the transmitter and receiver, leading to an increase in a type
of fading known as diffraction fading. This type of fading
is a key factor in determining antenna heights.

The statistics of the k-factor for a given location can
be determined by measurement or by predicting the refrac-
tive index gradient in the lowest 100 m of the atmosphere
[22]. These gradients must be averaged to obtain an effec-
tive k-factor value, ke, for the path lengths of interest. Val-
ues of ke exceeded for 99.9% of the time are discussed in
terms of path clearance criteria. Diffraction loss can be
approximated according to [26] as in (17):

A, ==20h/r +10 [dB] (17)

where h [m] is the height difference between the most sig-
nificant obstacle along the path and the propagation trajec-
tory (h is negative if the top of the obstacle lies above the
line-of-sight path), and r is the radius of the first Fresnel
ellipsoid.

At the frequencies above 2 GHz, diffraction fading
has traditionally been mitigated by installing antennas at
sufficiently high elevations, such that even the most severe
beam bending would not place the receiver within the dif-
fraction region when the effective Earth radius is reduced
below its nominal value. Diffraction theory indicates that
the direct path between the transmitter and receiver re-
quires a clearance above ground level of at least 60% of the
first Fresnel zone radius in order to achieve free-space
propagation conditions. More recently, with improved
understanding of this mechanism and the availability of
statistical data for the effective Earth radius factor ke,
which enables statistical predictions, some have adopted
antenna heights that result in very low but well-defined
outage probabilities.

Various fading mechanisms caused by highly refrac-
tive atmospheric layers must be considered when planning
links longer than a few kilometers. These include beam
spreading (also known as defocusing), antenna decoupling,
multipath propagation due to surface reflections, and multi-
path propagation caused by atmospheric effects. Most of
these mechanisms may occur individually or in combina-
tion with others. A pronounced form of frequency-selective
fading occurs when the direct signal beam combines with
a surface-reflected signal, resulting in multipath fading.
Small-scale fading due to atmospheric turbulence is always
present in conjunction with these mechanisms; however, at
frequencies below 40 GHz, its impact on the overall fading
distribution is negligible.

The method for predicting the fading distribution at
asingle frequency (or over a narrowband channel) for

large fade depths in the average worst month, applicable
worldwide, does not require the path profile and can be
used for initial planning, licensing, or design purposes.
A second method is applicable to all fade depths and com-
bines the large fade-depth prediction method with an inter-
polation procedure for shallow fading. The method for
predicting signal enhancement uses the fade depth pre-
dicted by the small percentage of time method as the only
input parameter.

3.1 Predicting Outage Probability for Small
Percentages of Time

For small percentages of time, the following calcula-
tion procedure is applied. For the paths of interest, the
geoclimatic factor K corresponding to the average worst
month should be determined based on available fading
data. In the absence of measured data, and when detailed
link design is required, the geoclimatic factor for the aver-
age worst month should be calculated using the following
expression (18), according to [25]:

K = 10 %4-00027dN; | (10+ Sa)-o.de (18)

where dN; represents the refractivity gradient in the lowest
65 m of the atmosphere that is not exceeded for 1% of
an average year, and S, denotes the terrain roughness. The
parameter dN; is provided on a global grid of 1.5° latitude
and longitude resolution in [22]. The appropriate value at
the path center should be obtained by bilinear interpolation
from the four nearest grid points. These data are available
in tabular form from the Radio-communication Bureau (BR).

The parameter S, [m] is defined as the standard devia-
tion of terrain elevation over an area of 110 km x 110 km
with a resolution of 30 seconds. The area should be aligned
with longitude such that it is symmetrically distributed
around the meridian passing through the path center. For
rapid estimation of K in planning applications, an approxi-
mate expression given in [25] may be used in (19):

K —10-46-00027aN, (19)

Based on the antenna heights he and h, (m), the path
inclination angle is determined according to [25] in (20):

l&,| =In, —=h,|7d  [mrad],
2 (20)
h _h+h d h

¢ 2 102 "

where h; is mean terrain elevation along the path, including
vegetation and d (km) is the path length.

The percentage of time py exceeded in the average
worst month is calculated according to [25] using (21):

pw =
h, ~147
125

,0.37etanh[ ]70.334\5,) [** ~0.00027 1, +17.85v, ~A/10

Kd 3.51( f 2 + 13)0.447 . 10
[%] (21)
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where vy denotes the sub-refractive parameter (22), where
the sub-refractive parameter is defined in [25]:

[ aN, Y h
vV, =min exp| —————= |,V 22
sr {( 50 ] p 2,5\/d_ srlimit ( )

subject to the upper limit (23):

dN75 . d1.5 . f0.5

Vsrlimit - 24730 [m] (23)
where Vs iimit IS @an empirical prediction parameter exceeded
for 1% of the time in the average worst month within the
lowest 75 m of the atmosphere. The overall standard devia-
tion of the prediction error associated with these expres-
sions is approximately 5.2 dB, including year-to-year vari-
ability, while the mean prediction error is less than 3 dB.

3.2 Predicting Outage Probability for All
Percentages of Time

The method applicable to all percentages of time for
predicting the percentage of time during which any fade
depth is exceeded combines the fade depth distribution
obtained from the calculation for small percentages of time
with an empirical interpolation procedure for shallow fad-
ing extending down to 0 dB.

Using the method for small percentages of time, the
multipath occurrence factor po can be calculated as in (24)
according to [25], representing the outage distribution for
deep fading with the percentage of time:

Po =

-0.39

0.447 —0.376tanh(%]—0.334‘5p‘ ~0.00027h, +17.85v,,

K-d*( 7 +13)

[%]. (24)
It should be noted that equation (21) is equivalent to (24)
for A=0.

Equations (25-30) follow the interpolation procedure
recommended in [25].

The fade depth A;, at which the transition between the
deep fading distribution and the shallow-fading distribution
occurs, is determined using (25):

A =25+1.2-log,, p, [%]. (25)

The subsequent procedure depends on whether the
required fade depth A is greater or less than A:. If the re-
quired fade depth A is greater than or equal to A;, the per-

centage of time during which A is exceeded in the average
worst month is given by (26):

P = Po 1074 [9%]. (26)

If the required fade depth A is less than Ay, the empiri-
cal interpolation procedure is applied in (27):

P, =P, 1074 27)

Equation (27) is consistent with (21), as appropriate,
for A=A First, g4 is calculated based on the variation in
fade depth A; and the corresponding percentage of time p:
as (28):

g, =—-20log,, {~In[100—- p,]/100}/ A .  (28)
Then, g, is obtained for the required fade depth A (29):

g, =
2+[1+0.3:10° ][20°** |[ g, +4.3-(10°" + A/800) |.
(29)

Finally, the percentage of time pw for which a fade
depth A(dB) is exceeded in the average worst month is
calculated as (30):

p,, =100[1-exp(~10"%**)]. [%] (30)

Provided that po> 2000, the above procedure yields
a monotonic relationship between py and A, which can be
used to determine A for a given value of py through a sim-
ple iteration.

The method extended to all percentages of time pro-
vides a continuous statistical representation of fading be-
havior by combining deep fading distributions with inter-
polation toward shallow fading conditions. This ensures
a consistent description of signal variability across the
entire dynamic range.

The obtained results indicate that moderate fading
events significantly influence overall system performance,
particularly under typical operating conditions. This high-
lights the importance of considering the full distribution,
rather than focusing solely on extreme fading events.

Nevertheless, the interpolation approach introduces
an inherent approximation, especially in the transition
region near 0 dB, where physical propagation mechanisms
are not explicitly modeled. Despite this limitation, the
method remains sufficiently accurate for engineering appli-
cations and system-level performance evaluation.

3.3 Predicting Outage Probability from Non-
Selective Fading

The outage probability, Pns ,due to non-selective
fading is calculated using (31), according to [25]:
P.=p, /100 (31)

where pw (%) denotes the percentage of time during which
the flat fading margin A=F (dB), corresponding to the
specified BER, is exceeded in the average worst month.
The flat fading margin F, obtained from the link budget
and equipment specifications, also accounts for potential
margin reduction caused by interference effects in practical
link deployment scenarios.
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3.3.1 Predicting Outage Probability in Unprotected
Digital Systems from Selective Fading

Flat and selective fading are considered statistically
independent and are therefore analyzed separately [21].
Various methods exist for predicting the degradation of
radio-relay link performance due to selective fading; in this
work, the signature curve method is adopted as a repre-
sentative and widely used approach. The outage probability
is defined as the probability that the BER exceeds a speci-
fied threshold at the receiver.

The significant delay time is estimated according to
[21], using (32):

. o.r[ij [ns] (32)
50

where d (km) denotes the path length.

Subsequently, the multipath activity parameter # is
evaluated according to (33), given in [21]:

n=1-exp(-0.2-P*™) (33)

where Po=pw/ 100 represents the multipath occurrence
factor corresponding to the percentage of time pw (%) dur-
ing which the fade margin A=0dB is exceeded in the
average worst month.

The outage probability due to selective fading in
an unprotected system, denoted as Ps, is calculated using
(34). The signature curve approach described in [21] is
used.

PS:

~Bw 2 —~Bum 2 (34)
2.15-7-|W,,-10 40.T_m+WM.10 20 . _m J

|Tr,M| |Tr,NM|

where Wy (GHz) represents the signature width, By (dB)
denotes the signature depth, and t;x (ns) is the reference
delay used to derive the signature, with x indicating either
minimum-phase (M) or non-minimum-phase (NM) fading
conditions.

If only the normalized system parameter K, is availa-
ble, the outage probability due to selective fading can al-
ternatively be estimated using (35), using the signature
curve approach described in [21]:

2
Tm
P =2-15‘77'(Kn,M+Kn,NM)'T—z (35)
where T (ns) denotes the symbol duration, and K,y repre-
sents the normalized system parameter corresponding to
either minimum-phase or non-minimum-phase fading.

Signal attenuation may also arise from absorption and
scattering caused by hydrometeors such as rain, snow, hail,
and fog. While rain attenuation can generally be neglected
at frequencies below 5 GHz, it must be explicitly consid-

ered at higher frequencies, where its impact increases sig-
nificantly. For propagation paths located at high latitudes,
or at high altitudes in lower-latitude regions, wet snow may
also produce considerable attenuation over a broad fre-
guency range. At frequencies where both rain attenuation
and multipath fading are significant, the corresponding
exceedance probabilities for a given fade depth must be
combined to obtain an accurate estimation of overall signal
degradation.

Long-term statistics of rain-induced attenuation can
be evaluated using a simplified approach. The rain rate
Roo1, corresponding to 0.01% of the time with a one-
minute integration period, should be obtained from local
measurements or, if unavailable, from [29]. The specific
attenuation gr (dB/km) is then determined for the consid-
ered frequency, polarization, and rain rate using [29], ac-
cording to the power-law relationship (36):

gq =k-R? (36)

where k and a are frequency-dependent coefficients de-
fined for linear (horizontal and vertical) polarization over
terrestrial paths. The corresponding regression coefficients
are provided in the [29].

The total outage probability due to rain is evaluated
by considering the dominant contribution among rain-
induced errors, combined precipitation effects, and polari-
zation impairments, as obtained from the previously de-
scribed methods.

Prediction methods for digital systems have evolved
from defining outage probability as the probability that
BER exceeds a specified threshold (1-107%), in accordance
with [32] requirements.

While clear-air effects predominantly impact error
performance and precipitation primarily affects availabil-
ity, practical systems exhibit mutual interactions. Specifi-
cally, clear-air propagation mechanisms may contribute to
availability degradation, whereas rain-induced effects can
also influence error performance. Therefore, a comprehen-
sive assessment of link reliability requires simultaneous
consideration of both mechanisms within a unified frame-
work.

The recommendation [25] provides a comprehensive
framework for predicting propagation impairments and
estimating outage probability in radio relay systems. By
incorporating diffraction, multipath fading, atmospheric
absorption, and rain attenuation, engineers can design
reliable radio relay links that meet availability require-
ments. Accurate prediction of outage probability is essen-
tial for ensuring system performance, especially in high-
frequency and long-distance links where propagation ef-
fects are more pronounced. Obtained results in this re-
search are consistent with the findings of Olsen and Tjelta,
whose work significantly contributed to the development
of ITU-R multipath fading prediction models for terrestrial
LoS links [35].
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4. Radio Relay Link Availability

The total availability of a radio relay link is given by
(37-38), according to [34]:

R, =100—N, (37)

N=N,+> N, (38)

where R, (%) is radio relay link availability, N (%) repre-
sents radio relay link unavailability, Na (%) unavailability
due to equipment failures, Ny (%) is unavailability due to
radio wave propagation effects.

For systems without redundancy or diversity tech-
niques, unavailability is calculated using the following
expression (39):

N,=2-s-(N,+N,)+(s+D)-N,+2-N;,  (39)

where s is number of sections, N1, N, are transmitter and
receiver unavailability, N4 is power supply unavailability
and Ns presents modulator/demodulator unavailability.

Error performance standards are defined according to
[33]. The error performance objective (EPO) is calculated
according to (40):

EPO =B, - (Lyy / Lg) +C, (40)

where Lr = 2500 km is the reference length, Lmin= 50 km is
the minimum link length used for scaling the objectives
with the practical link length Liink, Bj is the performance
coefficient corresponding to the selected error performance
parameter, and C; is the corresponding correction factor.
EPO values for access and short sections of the hypothet-
ical reference path (HRP) and hypothetical reference con-
nection (HRC) can be applied only to assigned block allo-
cations specified in [34], and for long network sections
where allocation is based on distance and the portion of the
allowed fixed block. For short network sections shorter
than 50 km, EPO values for SDH systems designed accord-
ing to [33] should be used.

Availability (or unavailability) and mean time be-
tween failures (MTBF) are calculated according to [34],
using the same division of the national portion of the HRP
or HRC. Availability standards apply to each transmission
direction of fixed wireless links within access and short
network sections of international digital paths with con-
stant transmission rates, assuming allocation is based on
fixed blocks. The availability AR and mean outage M, for
a link of length Ljink can be calculated using (41-42), ac-
cording to [34]:

ARzl—[Bj-ﬂw,}, (41)

L

R

Mo:i:+ (42)
O p .Hm g

J
R

where j = 6 for national short-haul sections, and the param-
eter Ol refers to the number of unavailability events per
year. The reciprocal of Mo should be multiplied by the
number of seconds in a year to represent the effective sig-
nificant time between unavailability events. For short net-
work sections, the parameters in (41) and (42) are
Cj=4-10% D;=0, E;=120.

5. Link Budget Analysis

The link budget analysis was performed for the bidi-
rectional radio relay link between the Laz tunnel (Sta-
tion A) and the Ovcar site (Station B), following the prop-
agation-aware methodology presented in the previous
sections. The primary link design, propagation analysis,
and availability assessment were performed analytically
using the ITU-R-based methodology described in the pre-
vious sections.

The system operates using frequency division duplex-
ing, where the lower-frequency channel is assigned to the
Laz—Ovecar direction, while the higher-frequency channel is
used for the reverse direction. Due to the absence of de-
tailed information regarding neighboring systems and final
frequency allocation, interference analysis was not explicit-
ly included. However, sufficient frequency separation is
assumed, ensuring negligible interference impact on over-
all system performance.

As the baseline configuration, the 32-QAM modula-
tion scheme with a coding rate of 2/3 was selected. The
selected modulation provides a compromise between spec-
tral efficiency and propagation robustness, enabling the
required transmission capacity of 100 Mb/s while main-
taining sufficient resistance to fading and attenuation ef-
fects under the considered propagation conditions. In prac-
tical radio-relay systems, different modulation schemes
may be employed depending on propagation conditions,
receiver sensitivity requirements, and quality-of-service
objectives. Lower-order modulation schemes generally
improve robustness against fading and propagation im-
pairments, whereas higher-order modulation schemes in-
crease spectral efficiency and transmission capacity. There-
fore, a qualitative comparison of several modulation
formats that may be considered for the analyzed radio-relay
link is presented in Tab.5. The proposed propagation-
aware assessment procedure is not restricted to the selected
32-QAM operating mode and may also be applied to alter-
native modulation schemes depending on system require-
ments and operating conditions.

Table 5 presents a numerical comparison of the sup-
ported modulation schemes for a 28 MHz channel operat-
ing in the 15 GHz frequency band. The receiver sensitivity
and maximum transmission capacity values were taken
from the manufacturer's specifications of the selected ra-
dio-relay equipment. The effective fade margins were cal-
culated using the received signal levels obtained for the
analyzed link while applying the same 16 dB receiver-
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Modulation | Receiver sensitivity (dBm) [ Required SNR (dB) Fade margin (dB) | Maximum transmission capacity at 28 MHz (Mb/s)
QPSK -89 6.5 28.72-29.19 43-52
16-QAM -82.5 13 22.22-22.69 87-107
32-QAM =79 16.5 18.72-19.19 115-140
64-QAM —76 19.5 15.72-16.19 141-173

Tab. 5. Numerical comparison of modulation schemes for a 28 MHz channel in the 15 GHz frequency band.

threshold degradation due to interference as used for the
reference 32-QAM configuration. Although the manufac-
turer specifies a maximum transmission capacity of 115 to
140 Mb/s for 32-QAM, the analyzed radio-relay link was
designed to support the required user traffic capacity of
100 Mbs.

The selected propagation model combines free-space
attenuation with diffraction loss, refined subpath attenua-
tion integration, and multipath propagation effects.
Troposcatter attenuation is negligible due to the short path
length, but was considered for completeness in accordance
with ITU-R recommendations. Rain attenuation was evalu-
ated using a rain intensity of 31.46 mm/h corresponding to
the considered geographical region.

The calculated link budget results confirm that the de-
signed radio relay link satisfies the performance and avail-
ability requirements of mission-critical TETRA communi-
cation systems. The obtained received signal levels remain
well above the receiver sensitivity threshold, ensuring
stable operation with sufficient fade margin in both trans-
mission directions.

For a BER threshold of 1075, the calculated annual
outage time is negligible, resulting in an availability of
99.999967%. Under worst-month propagation conditions,
the availability decreases slightly to 99.995730%, corre-
sponding to approximately 22 minutes of annual outage per
year. Despite this reduction, the system maintains a very
high level of operational reliability.

The calculated received signal levels are —43.81 dBm
at the Ovcar site and —44.28 dBm at the Laz site, with
corresponding fade margins of 19.19 dB and 18.72 dB,
respectively. The obtained results indicate that the overall
system availability remains above 99.99%, demonstrating
satisfactory performance for the considered case study.

To assess the consistency of the analytical results, the
considered radio-relay link was simulated using the Radio
Mobile software tool (Fig. 4). The simulated propagation
path was characterized by an elevation angle of 8.548°,
asite elevation of 463.9 m, a total propagation loss of
127.6 dB, and a Fresnel-zone clearance of 50.36 m, con-
firming unobstructed line-of-sight propagation conditions.
With a transmitter power of 22 dBm, the simulated re-
ceived signal level was —45.9 dBm, showing good agree-
ment with the analytical result presented in Tab. 7, with
a difference below 2 dB.

The comparison showed good agreement between the
analytical and simulation results for the terrain profile,

line-of-sight conditions, Fresnel-zone clearance, and re-
ceived signal level. Since field measurements and profes-
sional radio-planning tools were not available, the agree-
ment between the analytical and simulation results should
be interpreted as a consistency assessment rather than as
full experimental validation of the proposed methodology.
Additional attenuation caused by terrain morphology and
clutter effects was negligible due to the short propagation
path and favorable propagation conditions, and no signifi-
cant increase in link unavailability was observed in either
transmission direction.

Figure 5 illustrates the relationship between fade
depth and the corresponding percentage of time exceeded.
As expected, link availability increases with increasing
fade margin, approaching near-ideal values for margins
above 20dB. The obtained results indicate that the
analyzed system, with fade margins of approximately
18-19 dB, operates within a high-availability region, en-
suring reliable performance under propagation conditions
dominated by multipath fading and rain attenuation.

The presented case study demonstrates the applicabil-
ity of the proposed assessment procedure under the consid-
ered propagation conditions rather than providing a statisti-
cal evaluation of multiple radio-relay links. Although the
methodology was demonstrated on a single radio-relay
link, it is based on established ITU-R propagation models
and standard link-budget parameters, and its applicability
to similar microwave radio-relay systems may be further
investigated in future studies.

Good agreement between the analytical calculations
and the Radio Mobile simulation results is shown in
Tab. 6. The difference between the predicted received
signal levels is 1.62 dB, which can be attributed to differ-
ences in propagation-model implementation, antenna pa-
rameters, and the use of nominal frequency values within
the simulation environment. Despite these differences, both
approaches predict comparable link performance and con-
firm the feasibility of the considered radio-relay path. The
observed agreement therefore provides additional confi-
dence in the consistency of the analytical assessment and
the practical applicability of the proposed procedure. The
main system and propagation parameters, calculated and
simulated, are presented in Tab. 7. The calculated link
budget results for both transmission directions are summa-
rized in Tab. 8. The obtained results demonstrate the prac-
tical applicability of the proposed methodology for the
considered case study and indicate that propagation-aware
modeling can support reliable radio-relay link design in
complex environment.
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6. Conclusion

This paper presented a propagation-aware methodol-
ogy for the design and evaluation of digital radio relay
links in complex propagation environments. The proposed
approach integrates terrain morphology, Fresnel zone
clearance, atmospheric attenuation, rain effects, and multi-
path propagation into a unified analytical framework, ena-
bling a more comprehensive assessment of propagation
effects compared with simplified free-space-based
approaches.
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Fig. 4.

The proposed methodology was assessed through
a case study of a 15 GHz LoS radio relay link between the
Laz tunnel and the Ovcar site. The obtained results demon-
strated good agreement between the analytical calculations
and the Radio Mobile simulation, providing additional
confidence in the consistency of the proposed methodology
and supporting its practical applicability under realistic
environmental conditions.

The performed analysis, based on ITU-R recommen-
dations, showed that multipath fading represents the domi-

Simulation-based propagation analysis of the 15 GHz Laz—Ovcar radio relay link obtained using Radio Mobile.
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Fig. 5. Fade depth versus percentage of time exceeded for the analyzed 15 GHz radio relay link.

Parameter Analytical calculatior| Radio Mobile simulation
Frequency 15271 MHz 15000 MHz
Path distance 3.57 km 3.57 km
Antenna gain 32.7 dBi 30.9 dBi
Antenna height (Ovcar) 20m 20m
Antenna height (Laz) 19m 19m
Vertical angle 8.12° 8.54°
Received signal level (RSL) —44.28 dBm —45.90 dBm

Tab. 6. Comparison between analytical and simulation results.
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PATH RADIO

Station A

Station B

Ovcar

Laz

964.00 m (DTM altitude + clutter)

453.00 m (DTM altitude + clutter)

Distance between

stations: 3.57 km

Station A (Calculations/Radio Mobile)

Station B (Calculations/Radio Mobile)

Nominal power 22 dBm/22 dBm Rx antenna attenuation 0.03dB
Antenna attenuation (H) 0.03dB Threshold 1073 —82.50 dBm
Antenna attenuation (V) 0.00dB Threshold 10°° =79 dBm
Gain 32.7 dBi/30.9 dBi Gain 32.7 dBi/30.9 dBi
Height of antenna 20.00 m/20.00 m Height of antenna 19.00 m/19.00 m
Antenna azimuth 167.75° Antenna azimuth 347.75°
Tx losses 2dB/1dB Rx losses 2dB/1dB
EIRP (Equivalent isotropically 184.92 W/ 15346 W TD (losses) 0dB
radiated power)
Parameters Calculations Radio Mobile
Frequency 15271 MHz 15000 MHz
Earth radius (land/sea) 8500 km 8500 km
Gas attenuation (15 g/m?) 0.34dB Not explicitly modeled
Rain attenuation (31.46 mm/h) 5.9dB Not explicitly modeled
Power received —44.28 dBm —45.9 dBm
Diffraction attenuation 0dB 0dB
Reflection attenuation 0dB 0dB
Vertical angle 8.12° 8.54°
Tab. 7. Simulation and analytical input parameters for the Ov¢ar—Laz radio-relay link.
From To Fade margin PR Operation _ Li_n'k Oytage ) Modulation Data rate
[dB] [dBm] mode availability [%] | duration [min] scheme [Mb/s]
Laz (A) | Ovcar (B) 19.19 —43.81 LoS 99.999986 0 32-QAM 100
Ovcar (B) | Laz (A) 18.72 —44.28 LoS 99.999980 0 32-QAM 100

Tab. 8. Link budget results (annual conditions).

nant degradation mechanism for the considered short mi-
crowave link, while rain attenuation has a secondary
impact that becomes more significant under worst-month
propagation conditions. The achieved link availability
exceeds 99.99%, satisfying the requirements of mission-
critical TETRA communication systems.

Furthermore, the results indicate that 32-QAM can
provide a suitable compromise between spectral efficiency
and propagation robustness for the considered radio-relay
link, while maintaining sufficient fade margin under the
analyzed propagation conditions.

The presented results also demonstrate that realistic
radio-relay link design cannot rely solely on simplified
free-space propagation assumptions. Even under LoS con-
ditions, accurate prediction of system performance requires

detailed consideration of terrain morphology, atmospheric
effects, and multipath propagation mechanisms. In this
context, propagation-aware modeling represents a funda-
mental requirement for the reliable design of modern high-
capacity microwave communication systems operating in
realistic environments.

The presented study demonstrates a practical frame-
work for propagation-aware assessment and design of
radio-relay links in challenging propagation environments.
The contribution of this work does not lie in the develop-
ment of new propagation models or analytical expressions.
Instead, it lies in the combined application of established
ITU-R procedures within a structured assessment frame-
work for complex propagation environments.

Future work will focus on experimental verification
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through field measurements in order to verify the obtained
analytical and simulation-based results. Additional research
will include the application of the proposed methodology
to a larger set of radio-relay links characterized by different
terrain profiles and propagation environments, enabling
a broader statistical assessment of its applicability and
robustness. Further extensions will include higher frequen-
cy bands, including millimeter-wave systems, as well as
the investigation of adaptive modulation techniques, diver-
sity schemes, and advanced propagation-aware radio net-
work planning approaches.
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