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Abstract—This paper focuses on the application of multi-
carrier technologies in rural area communications on very
high frequency (VHF) channels. Our target is to analyze the
performance of typical long-term evolution (LTE) technology on
three specific rural scenarios: (i) high density of users in specific
regions, (ii) high inter-cell interference regions, and (iii) high
demand of similar services. These scenarios operate in very high
frequency (VHF) channels to support rural connectivity.
Numerical results are obtained via system-level simulations
using the ns-3 simulator, whose settings were calibrated based
on real LTE deployments on VHF.
We specifically assess the performance of available frequency
reuse techniques showing that typical solutions for cellular
networks may lead to remarkable throughput differences in
these extreme scenarios. The simulation results showed that hard
frequency reuse – which has a poor performance in typical
scenarios – outperforms all other studied options in the proposed
study-case.
I. INTRODUCTION
Multi-carrier communication techniques are nowadays em-
ployed in fourth generation of mobile network (4G) systems
that are based on orthogonal frequency-division multiple ac-
cess (OFDMA) [1], and shall be part of the future fifth
generation of mobile network (5G) [2]. Due to its popularity,
OFDMA becomes an attractive solution for rural communi-
cation in many regions of large developing countries (e.g.
Brazil, Russia, India, China) and also other sectors of Northern
Europe [3]. Commercial cellular network solutions that today
operate in ultra high frequency (UHF) are also being deployed
in very high frequency (VHF) to achieve coverage cells with
radios up to 50 km [4], [5]. This scenario opened great
opportunities to create multi-carrier network coverage in rural
areas that are used to support specific internet of things (IoT)
applications [6]–[8].
Brazil is an instructive example in applying multi-carrier
technologies over VHF in rural areas [4], where cellular net-
works are deployed by agribusiness companies with the right
to operate in specific VHF channels. This right is conditioned
to the fact that connectivity could not be further commer-
cialized to any third-party [9]. It means that to increase the
return on investment (ROI), it is advisable to have an accurate
analysis of network performance, specially in some specific
scenarios; they are usually IoT devices that are installed in
specific regions of interest and in industrial machines that take
part of industrial production processes [10], [11].
Although such networks are already in use in few cases,
there is still a lack of research that focuses on the performance
of multi-carrier techniques in such rural scenarios. This paper
tries to fill this gap, specially now that IoT applications are
becoming increasingly popular in rural areas to be applied in
vertical scenarios as agribusiness and electric energy distribu-
tion. In specific terms, we showed via system-level simulation
(calibrated with real network measurements) that there is big
room for improvement in the network performance (evaluated
in terms of aggregate throughput) by comparing popular
techniques of frequency reuse to reduce self-interference. Our
numerical results evince the existing opportunities to fine-
tune the system parameters in “extreme” cases related to rural
applications.
The rest of this paper is divided as follows. The definition
of the extreme scenarios is presented in Section II. Section
III describes the system model while Section IV presents
the simulation methodology and the particular study case of
frequency reuse. Section V contains the numerical results. The
conclusions and future works are described in Section VI.
II. EXTREME SCENARIOS AND MOTIVATION
A. Extreme Scenarios
Let us consider a multi-carrier cellular network deployed
in VHF that aims to enable rural connectivity, specifically
IoT applications in energy systems. Several electric energy
distribution scenarios are typically concentrated in specific
regions by specific periods of time. This means that users
load are not uniformly distributed in all coverage areas, as it
is expected in typical cellular networks. Other important fact
is that, depending on the IoT application, the mobile users
are devices with deterministic behavior (i.e. sending short
messages in specific times) [12], which is different in the tra-
ditional human-to-human communication. The combination of
all these particular characteristics, described before, generates
some extreme scenarios that deserve special attention.
High users density in specific regions: In the particular
case of substations that are part of electric power distribution
systems where most of the devices are distributed typically in
mosaic form (Ex. rectangular form). Inside this form, most
of the cellular users are concentrated, creating an extreme
scenario, untypical in commercial UHF cellular networks. This
extreme scenario in some cases could represent most of the
90% of the network load, creating an unbalanced user density.
Fig. 1(a) exemplifies this scenario, emphasizing the fact that
the networks operates in VHF.
High dense inter-cell interference regions: Other extreme
scenario is characterized by the fact that in some cases the
region of interest is located in the frontier of two different
cells, which implies a low signal-to-interference-and-noise
ratio (SINR) region. The particularity of this scenario is that
cellular users will almost always be inside the geometry region
of interest (typical a square), generating a region of high
interference. Fig. 1(b) shows this scenario.
Users demanding very similar services: Many IoT appli-
cations that use multi-carrier technologies demand today high
throughput data type as in video streaming. This application-
related demand may be (and usually is) correlated across users:
many machines use the same application at the same time. This
means that scheduler algorithms and quality of service (QoS)
policies should deal with this particular kind of congestion,
which are related to specific region of interested characterized
by a high user density. Fig. 1(c) presents an example of many
users demanding video traffic into a geometric arbitrary region.
It is important to emphasize that these scenarios are strictly
correlated and define the “extreme scenarios” to be studied
in the paper. As to be discussed later on, these scenarios
will be studied using the Network simulator 3 (ns-3), which
is an accurate system-level simulator [13] that considers the
commercial Long-Term Evolution (LTE) protocol stack.
B. Motivation
In contrast of what is studied in commercial UHF cellular
networks where users are deployed uniformly in all coverage
network (Fig. 5). We would like to take the attention of these
extreme scenarios (in VHF) where users distribution is always
limited by a specific geometry form (in this case a rectangle)
inside the expected cellular network coverage(Fig. 6).
Therefore, some metrics are generated in order to show that
specific network optimization could be applied to increase net-
work performance (for example throughput). This optimization
results generated by simulation indicate that there is room for
potential scientific analyze on these extreme scenarios.
III. SYSTEM MODEL
The networks deployed in VHF are based on the protocol
stack of LTE, that is why that the system model is based on the
system architecture evolution (SAE) [14]. In this section we
focused on providing important details of the algorithm used
to calculate the SINR. Our system model is based on LTE/SAE
architecture. This architecture contains two main evolved
subsystems: evolved UTRAN (E-UTRAN) and evolved packet
core (EPC) [15]. Both are described in Fig. 2 and they are
summarized in following lines.
EPC: It is also know as core network. The EPC also can be
connected to other 3rd Generation Partnership Project (3GPP)
and non-3GPP radio-access networks. The EPC consists of
one control-plane node, called mobility management entity
(MME), and two user-plane nodes, called serving gateway
(S-GW) and packet-data network gateway (P-GW) [16].
Fig. 1. Description of rare scenarios in agribusiness market. (a) High density
of users in specific regions (mosaic). (b) High inter-cell interference regions.
(c) Users demanding very similar services.
E-UTRAN: The E-UTRAN consists of the base stations,
denoted as evolved NodeB (eNodeB), that are connected to
each other through the X2 interface and to the EPC through
the S1 interface [17].
The software ns-3 is used to simulate SAE architecture [13].
This simulation software allows deployments of almost real-
time scenarios based on discrete events. The simulator includes
an error model for physical downlink shared channel (PDSCH)
based on the link-to-system mapping (LSM) technique [18].
LSM is based on the mapping of single link layer performance
obtained with link level simulators. For this purpose the SINR
is used as an input of a function that depends of transport
block (TB) length, modulation code scheme (MCS), effective
code rate (ECR) that represents the actual transmission rate
Fig. 2. LTE Architecture based on SAE. It is composed by two main elements:
E-UTRAN and EPC.
Fig. 3. Physical error model considered in ns-3.
according to the channel coding and MCS. The output of this
function is the block error rate (BLER), which is going to be
used to calculate users throughput. A block diagram of this
error model is described in Fig. 3.
The physical error model is based on the SINR. The SINR
of mth target user (m “ 1, 2, ¨ ¨ ¨ , N ) at the kth sub-carrier is
calculated as
SINRmpkq “ P
m
RXpkq
σ2n ` PmCCIpkq
, (1)
where σ2n is the per subcarrier AWGN power level, P
m
CCIpkq is
the total co-channel interference (CCI) power level and PmRXpkq
is the received signal power level, both at the kth subcarrier
for mth target user.
The two latest variables are defined in eq. (3) and eq. (2),
as follows. The total CCI power level PmCCIpkq at the kth
subcarrier for mth target user is
PmRXpkq “ P
m
TX.P
m
loss.|hmpkq|2
Nloadpjq , (2)
where Nloadpjq is the total number of co-channel subcarriers
for the jth OFDMA symbol. Pmloss is the path loss including
shadowing and antennas gains, PmTX is the total transmit power
from eNodeB.
The received signal power level PmCCIpkq at the kth subcarrier
for mth target user is
PmCCIpkq “
NCCIÿ
l“2
P l,mCCI pkq “
NCCIÿ
l“2
|hl,mpkq|2.P l,mloss P lTX
Nloadpjq , (3)
where P l,mCCI pkq is CCI power level from the lth interferer to
mth target user, and NCCI is a number of co-channel interferers
and NCCI ď N ´ 1. Details of MCS, SINR, TB length, ECR
are out of the scope of this work, however, specific information
can be found in [19].
IV. SIMULATION METHODOLOGY
A. Methodology to simulate a semi-real LTE scenario in VHF
1) Empirical data and system simulator calibration: Real-
world performance metrics were collected through drive tests
in order to calibrate the system level simulator. The data were
obtained in a rural area in Sa˜o Paulo, Brazil, in 2017/18 as
part of a project that considers LTE protocol stack in VHF
channels [4]. In this particular case, we used the SINR and
throughput to set up the path-loss parameters in ns-3 software.
The real world measurements were done in key geographical
points located in the edge cell or in points near the eNodeB.
Other important measurements were done in high interference
regions. All these points were mapped in the system level
simulator in order to calibrate the path-loss model. In this
particular case, we simplified the calibration using the popular
Friis propagation loss model defined by:
Pr “ Pt Gt Gr λ
2
p4pidq2L , (4)
where Pr is the reception power in Watts, Pt is the transmis-
sion power in Watts, Gt is unit-less transmission gain, Gr is
the unit-less reception gain, λ is the wavelength in meters, d is
the distance between the eNodeB and the user in meters, and
finally the unit-less L is the system loss. The system loss (L) is
the parameter that was used to calibrate the system simulator
using real world measurements.
TABLE I
PARAMETERS USED IN THE SYSTEM LEVEL SIMULATION
Parameter name Value
Simulation Time 5 seconds
System Bandwidth 5 MHz
Frequency Operation 250 MHz (VHF)
eNodeB - Tx Power 43 dBm
UE - Tx Power 23 dBm
eNodeB - Noise Figure 5 dB
UE - Noise Figure 9 dB
Number of Users between 3 until 150 Users
Data Rate per User (DL) 1 mega bits per second (Mbps)
Fig. 4. Simulation setup composed by three eNodeBs with different azimuth
values that force a region with high inter-cell interference, over this region
is defined a square region which will be populated with different number of
users using a random uniform model.
2) Simulation scenario and performance metric: To eval-
uate the LTE protocol stack operating in VHF for extreme
scenarios, we considered the simulation setup described in
Fig. 4. We considered three eNodeBs, each one is operating
with just one sector, which are using arbitrary azimuth and
distances values with the intention to generate a high inter-cell
interference region. We assume a high inter-cell interference
region as a square of 10 km each side. Inside this square,
cellular users are uniformly distributed. The first eNodeB
antenna is using an azimuth of 60˝, the second considers a
´60˝ of azimuth, and finally the 3rd eNodeB considers an
azimuth of ´180˝.
Table I lists the relevant system parameters used in the sim-
ulations. These values are calibrated with real-world setups. A
downlink transmission (i.e. eNodeB is the transmitter) where
every user receives a data rate of 1 Mbps is simulated with
the number of simultaneous users that varies between 3 until
150.
B. Showcase Analysis for Rare Scenarios in VHF
We analyze the extreme scenarios previously discussed
looking at fractional frequency reuse techniques. These tech-
niques are used to manage inter-cell interference in com-
mercial multi-carrier networks, and we will use the same
configuration setup to compare throughput performance of
typical (commercial) and extreme scenarios. The frequency
reuse techniques considered in this study are [20]:
‚ Hard Frequency Reuse,
‚ Strict Frequency Reuse,
‚ Soft Frequency Reuse,
‚ Soft Fractional Frequency Reuse,
‚ Enhanced Fractional Frequency Reuse.
1) Study-case 1: The goal is to compare a typical multi-
carrier cellular scenario (Fig. 5) with an extreme scenario
(Fig. 6). For both cases, it is obtained the total aggregated
throughput. This case is also used to indicate that these
extreme scenarios deserve special attention.
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Fig. 5. A typical cellular network scenario. The blue points represent the
users. The red points represent the eNodeBs.
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Fig. 6. An example of the extreme scenario. The blue points represent the
users generated uniformly inside a 10 km square. The red points represent
the eNodeBs.
2) Study-case 2: The goal is to show that the calibrated
system-level simulator provides a highly accurate SINR anal-
ysis. For this purpose, the radio environment map (REM)
of down-link SINR is presented in Fig. 7, where it is easy
to visualize the high level of cell-interference between the
Fig. 7. High cell-interference setup used to evaluate frequency reuse tech-
niques. The green asterisks represent the cellular users.
three sectors. The outcomes from the simulation were used
to generate a probability density function (pdf) that models
the throughput as a Gaussian random variable.
V. NUMERICAL RESULTS
The system-level simulator was used to obtain throughput
(T ) in downlink for each user. This data was post-processed
to obtain the mean using the next relationship:
Tavg “ 1
N
Nÿ
l“1
Tl, (5)
where Tavg is the aggregated average throughput (considering
users attached to the 3 base stations), Tl is the throughput
of user l, and N is the number of users considered in every
configuration setup.
A. Results of study-case 1
From Fig. 8, it is possible to observe the average throughput
of a typical cellular network for different number of simul-
taneous users. In this case, the best technique is the soft-
frequency reuse and the worst is the hard-frequency reuse. The
same approach was considered to the extreme scenario. Fig. 9
shows different results for the same frequency reuse techniques
presented before. In this last case, the hard frequency reuse
outperforms all other options, while the worst solution is the
enhanced fractional frequency reuse. This results indicate a
special research attention in such extreme scenarios, mainly
related to rural communication applied in energy systems
distribution.
B. Results of study-case 2
The numerical results were obtained after the simulation of
100 different position snapshots (Monte-Carlo approach). We
assume that the throughput T is a Gaussian random variable
with mean µ and variance σ so that:
ppxq “ N px;µ, σq “ 1?
2piσ
e´
px´µq2
2σ2 , (6)
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Fig. 8. Throughput comparison of frequency reuse techniques for a typical
scenario of multi-carrier cellular network with different number of simulta-
neous users.
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Fig. 9. Throughput comparison of frequency reuse techniques for a rare sce-
nario of multi-carrier cellular network with different number of simultaneous
users.
where N px;µ, σq is the notation of a Gaussian Function of
random variable x with mean µ and standard deviation σ.
From the simulation outcomes, we compute the mean and
variance values of T . We also plot the empirical histogram
to validate the pdf model.
Fig. 10 shows the PDF model of one specific case where
150 users are deployed simultaneously in the 10 km square. In
this case, the Gaussian function fits with a very good accuracy.
This accuracy is further analyzed with the CDF in the Fig. 11.
This result indicates a great potential to use stochastic tools
to model the network performance.
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Fig. 10. Empirical and theory PDF for the random variable (average
throughput) obtained by the system level simulator.
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Fig. 11. Empirical and theory CDF for the random variable (average
throughput) obtained by the system level simulator.
VI. CONCLUSIONS AND FUTURE WORKS
Some multi-carrier cellular networks are being deployed in
VHF to support rural area communications. Mostly of these
networks are focused on providing connectivity to IoT appli-
cations in energy systems distribution or agribusiness market.
This new cellular communication setups are creating new
business models and simultaneously are generating extreme
scenarios, which are the focus of this paper. Our initial re-
search results showed that the same frequency reuse technique
used in a typical cellular scenario obtains different results in
rural communication extreme scenarios. In general, using a
frequency reuse technique in a typical cellular scenario (with
150 users) obtained a throughput gain of 4 Mbps; in contrast,
in the rare scenario the gain was 2 Mbps approximately.
We also obtained a theoretical PDF model of one random
variable using system simulation results using a Gaussian
function. This methodology and insight could be explored by
future works using stochastic process theory. The aggregated
throughput PDF analyzed in this work, could be extended
to the study of marginal PDFs for each base station in this
specific rare scenario. Other approach could use geometry
stochastic theory to model these rare scenarios for cellular
networks in VHF.
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