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Abstract—The increase in data exchange and its dominance
over voice communications is forcing mobile network opera-
tors to invest in network improvements, which increases their
expenditures and does not necessarily increase their revenues.
C-RAN (Cloud-Radio Access Network) architectures arise as
an alternative to traditional network architectures which, by
taking advantage of the functional Remote Radio Head (RRH)
and Baseband Unit (BBU) split, with the centralisation of
the processing power in standard data centres, allow a larger
investment return. The segment between the RRHs and BBUs is
called fronthaul, and the main objective of this work is to study
which technologies among Microwave Radio Links (MRL), Free
Space Optics (FSO) and Fiber Optics (FO) are the best for this
segment of the network. This study includes how the number of
BBUs in a given site can influence the overal CAPEX (Capital
Expenditures) and OPEX (Operational Expenditures) of the
network, by making some technologies preferable over others. A
tool was developed using Matlab, where using weather conditions,
distance and required throughput of the fronthaul links as inputs,
the cheapest usable equipment is returned as an output. This tool
also computes the number of BBUs and where they should be
positioned in order to minimise the overall network cost. The
results confirm that FSO links are extremely sensitive to fog, but
nevertheless, represent an attractive alternative to FO, in very
RRH dense scenarios like an urban centre. For more sparsely
distributed RRHs, MRLs are a more attractive option as this
technology can cover longer distances than FSO.

Index Terms—C-RAN, Fronthaul, Free Space Optics, Mi-
crowave Radio Links, Fiber Optics

I. INTRODUCTION

Mobile communications have changed the way people
interact, and in the past decades this is especially evident
as the number of subscriptions for these services has been
increasing continuously. Besides the growth in the number
of subscriptions, the average data volume per subscription
is also increasing with time, which generates a large growth
in data traffic [1], [2]. Nowadays, costumers expect to have
higher bandwidths, for a fraction of the price, which puts an
immense amount of pressure on the mobile network providers
that need to optimise costs while providing high-capacity and
high-quality services to their subscribers.

Mobile network virtualisation arises as a path to lower
CAPEX (Capital Expenditures) and OPEX (Operational Ex-
penditures), as it enables abstraction and sharing of infras-
tructures which can help to reduce the overall expenses of
deployment and operations. Mobile networks architectures
are typically split in two segments: the Core Network and

Radio Access Network (RAN), where the latter is where
most upgrades have been made, as it is responsible for
guaranteeing the service parameters. The concept of Cloud-
RAN (C-RAN) proposes some changes in this architecture,
creating a new connectivity segment between the multiple
distributed Remote Radio Heads (RRHs) and the centralised
Baseband Units (BBUs), called fronthaul. This new transport
segment is one of the main interests of network operators
in what concerns capacity, latency and other parameters.
The fronthaul design can be implemented either using wired
or wireless technologies. The study and optimisation of the
fronthaul segment can lead to a large decrease in CAPEX and
OPEX expenditures.

The main objective of this work is to study the usage of
Fiber Optics, Microwave Radio Links and Free Space Optics
technologies for fronthaul links. For this, a tool is implemented
using Matlab, which helps analysing which technology applies
best to a specific situation. The analysis of whole networks,
containing multiple fronthaul segments, will also be made,
studying how the number of BBUs and their position can
affect which technology is the most adequate for performing
the RRH-BBU links.

II. BACKGROUND

A. Cloud Radio Access Network and Fronthaul

Cloud Radio Access Network (C-RAN) is a radio access
network model in which baseband resources are pooled so
that base stations can share them. The main reason for this
is to have a more energy efficient and less expensive RAN,
while having the possibility to design a network with increased
capacity based on resource sharing and adaptation to non-
uniform traffic. This is achieved by separating the BSs into a
remote radio unit (RRH), responsible for power amplification
and analogue processing, and a baseband signal processing
unit (BBU), which manages the common digital baseband
functions, such as modulation and coding. The optimisation of
BBU usage is made through the virtualisation of a BBU pool,
which can then be shared among cell sites. The segment of the
network between the RRH and the BBU is called fronthaul,
and the segment bewteen the BBU and the Core of the network
is called backhaul.

According to [3] and [4], a C-RAN architecture presents
the following benefits:

• Energy efficiency/Green infrastructure;
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• Decrease in CAPEX and OPEX;
• Throughput improvement;
• Adaptability to non-uniform traffic;
• Smart internet traffic offload;
One of the main technical challenges regarding C-RAN

architecture, is the large amount of baseband sampling data
that has to be carried in real time between RRHs and the
BBU pool. The wideband required by some radio access
technologies, like LTE (Long Term Evolution), and their multi-
antenna technology makes it necessary for these links to have
an order of magnitude of 10 Gbps of throughput with strict
requirements of transportation latency and latency jitter [5].
The present work aims to study the usability of FSO, MRL
and FO technologies in the fronthaul segment of the network.

B. Communication Technologies

1) Microwave Radio Links: MRLs are a line-of-sight
wireless communication technology that uses high frequency
beams of radio waves (1 to 10 GHz) to provide high speed
wireless connections, which can go up to 1 Gbps [6]. MRL
typically allows communication between two points up to
20 km apart which have line-of-sight [7].

Weather conditions affect communication through an MRL,
namely precipitation (which is the main attenuation factor for
this technology) and atmospheric absorption [7].

2) Free Space Optics: FSO technology allows data trans-
mission by propagation of infrared radiation in free space.
Like MRL, this is a wireless, point-to-point line-of-sight
communication technology. It allows connections of up to
10 Gbit/s between two points up to 5 km under ideal
propagation conditions [8].

The main limitation associated with FSO links is the
attenuation caused by fog, which reduces the visibility and
can reach values of 480 dB/km in extreme situations [9].
Other attenuation factors are physical obstructions (like flying
birds, trees or buildings) that can block the signal and cause
interruptions in the link, and atmospheric turbulence caused
by high temperatures that can cause changes in the refractive
index of the air and deviations in the beam [8].

3) Fiber Optics: Fiber Optics These communication sys-
tems are lightwave systems that employ optical fibers for
information transmission, which means these are not wireless
(like the previous two technologies discussed) and therefore
do not require line-of-sight. Standard commercial fiber optics
allow connections speeds of up to 10 Gbit/s and a system
length of up to 100 km for these bit rate values [10]. Cost and
deployment time vary linearly (roughly) with the considered
connection length [11]. The initial investment associated with
fiber optics is the highest of the three technologies, as right
of ways and infrastructures are needed.

III. MODELS FOR COMMUNICATION TECHNOLOGIES

A. Microwave Radio Links

Since MRLs are wireless communication technologies, sig-
nals propagate through the Atmospheric Channel, where the
phenomena that disturb MRL the most are hydrometeors and

absorption. It is possible to consider a flat earth scenario if the
connection length does not surpass 15 km [12], which is the
case regarding the fronthaul segment of a network. Consider
the propagation equation for MRL, where power of the signal
detected on the receiver PRx, in logarithmic units, under ideal
propagation conditions, is given by

PRx = PTx+GTx+GRx−Asys−A0−Aabs−Ar−Aobs, (1)

where:
• PTx represents the power at the transmitter in dBW;
• GTx represents the transmitter gain in dBi;
• GRx represents the receiver gain in dBi;
• Asys represents the losses related to equipment like

cables, modulators among other components in dB. It is
typically smaller than 3 dB;

• A0 represents the free space attenuation in dB;
• Aabs represents the absorption attenuation caused by

atmospheric gases, in dB;
• Ar represents the attenuation caused by rain, in dB;
• Aobs represents the attenuation caused by an obstacle, in

case there is one, in dB.
The receiver sensitivity, SRx, is defined as the weakest

signal power that a radio equipment needs to receive in
order to detect a signal, and it is a specific parameter of
each equipment model. If the estimated received power is
sufficiently large, then the link budget is said to be sufficient
for sending data under perfect conditions. The amount by
which the received power exceeds receiver sensitivity is called
the Fade Margin [13], Mfade, which is defined as:

Mfade = PRx − SRx (2)

The bigger the Fade Margin, the more robust the link will
be, as it will be prepared for eventual extra attenuations. In
this project the minimum Fade Margin accepted will be 3 dB.

It is possible to obtain the Signal-to-Noise Ratio under
ideal propagation conditions (SNRIPC) using Equation 3 and
check if the BER condition is being satisfied for the considered
modulation.

SNRIPC = PRx −Nf −N0, (3)

where:
• Nf is the receiver noise factor, which is provided by the

manufacturer of each specific equipment.
• N0 is the thermal noise.
Since error performance is a critical component of trans-

mission quality in digital networks, the ITU-R has published
a number of Recommendations laying down error performance
parameters and objectives. ITU-R G.826 Recommendation
presents values for these parameters that should be satisfied,
for different bitrates [14].To compute the margins associated
with SESR and BBER it is necessary to calculate the margins
associated with Fading. These margins are the uniform margin,
mu, selective margin, ms, and real margin, mr, which relate
(in linear units) through Equation 4:
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It is then possible to determine the minimum SNR for the
link, using:

SNRmin = SNRIPC −Mu, (5)

where, Mu corresponds to the Uniform Margin, mu, in dB.

B. Free Space Optics

Consider the power of the signal detected on the receiver
PRx, in logarithmic units:

PRx = PTx+GTx+GRx−Asys−Agl−Aabs−Asca−Aturb,
(6)

where:

• Agl represents the geometric losses of the medium that
depend on the wavelength of the laser used and on the
distance considered, in dB;

• Aabs represents the attenuation due to absorption, in dB;
• Asca represents the attenuation due to scattering, in dB.
• Aturb represents the attenuation due to turbulence, in dB.

Just like MRL, FSO receivers also have a specific sensitivity
depending on the equipment considered and the minimum
Fade Margin (see Equation 2) accepted for this project will
be 3 dB.

The Signal-to-Noise Ratio, considering a shot-noise-limited
operation, is given by [15]:

snr =

√
pTx × η
2hνB

, (7)

where:

• pTx represents the power at the transmitter in watts;
• h is the Planck’s constant;
• ν is the optical frequency of the beam in Hertz, which is

given by ν = c
λ[m]

where c is the speed of light;
• B is the bandwidth of the detector filter, given by
B =

M[Mbps]×106

log2(m) where M is the throughput and
m = 2 for On-Off Key (OOK) modulation, which is the
most common in the equipments available in the market
nowadays [7];

• η is the detector efficiency.

From here it is possible to compute the BER value for the
two types of FSO modulation considered (Equations (8) and
(9)) for the snr achieved in Equation 7. The minimum BER
accepted will be BER = 10−6.

BERNRZ−OOK =
1

2
erfc

(√
snr

2
√
2

)
(8)

BERRZ−OOK =
1

2
erfc

(√
snr√
2

)
(9)

C. Fiber Optics

Evaluating a link budget for FO is equivalent to calculating
the total loss suffered by a transmitted signal across various
components and along fiber channels with reference to the
minimum receiver power required to maintain normal opera-
tion. According to [16], in order to evaluate the link budget
for point-to-point transmission, a few parameters need to be
taken into account:

• Txmin represents the minimum transmit power, in dBm;
• Rxmin represents the minimum receive power required,

in dBm;
• L represents the loss of optical connectors and adapters,

in dB;
• n represents the number of connectors;
• FL represents the normalized fiber loss, expressed in

dB/km;
• d is the distance to be achieved, in km;

Since there are at least 2 connectors, one at each end of the
fiber, n will be at least equal to 2; moreover, L is typically a
value between 0.3 to 0.5 dB, and FL is of about 0.4 dB/km
[16].

Having these parameters one can compute the Link Budget,
LB, expressed in dB using Equation 10:

LB[dB] = Txmin −Rxmin. (10)

The value of LB should then be compared to the total loss,
TL, suffered by the transmitted signal along the given link,
which is given by Equation 11:

TL[dB] = (n× L) + (d× FL). (11)

If LB > TL, then the physical deployment for this link is
theoretically possible.

IV. ALGORITHM IMPLEMENTATION

This section contains an overview of the two main algo-
rithms developed in this work. Both algorithms are available
online in [17].

A. Link Design Algorithm

The Link Design Algorithm was implemented in order
to determine which technology applies best to connect two
points, under user-specified conditions. It determines the Link
Budget and Link Margin for each equipment being tested,
as well as the SNR and BER values for the MRL and FSO
equipments.

Figure 1 represents a block diagram of how this algorithm
works, where “MRL.dat”, “FSO.dat” and “FO.dat” are
text files containing data about the equipments being tested
and “user input data” refers to the physical characteristics of
the mean and link goals that must be defined by the user, such
as distance, desired throughput, temperature, precipitation,
visibility, among other variables.

The Link Design Tool does all the necessary computations,
according to the inputs, in order to determine which equipment
suits the user’s needs best. It computes which is the cheapest
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MRL.dat

FSO.dat

FO.dat

Link Design Tool

User Input Data

Best Available Option

Fig. 1. General block diagram of the Link Design Algorithm.

equipment delivering the necessary throughput, satisfying the
link margin and error parameters for the given distance and
weather conditions.

B. Network Planning Algorithm

The Network Planning Algorithm, makes use of the Link
Design Algorithm in order to optimally find a topology for
a network involving a user-defined number of points, instead
of just two points. More specifically, this algorithm finds the
location for BBUs and which technology should be used to to
connect to each RRH, in a way that minimises the total cost
of the network without compromising the throughput reaching
each RRH.

Assigning each RRH to a BBU, while also computing the
best positions for each BBU can be approached as a clustering
problem. Clustering is the assignment of a set of observations
into subsets (called clusters) so that observations in the same
cluster are similar in some sense. A BBU and the set of RRHs
that are assigned to it behave as a cluster, and in this case the
criteria for assigning an RRH to a BBU will be the distance
between them, and the corresponding link cost.

An adaptation of the K-means clustering algorithm was used
for computing the number of BBU pools along with their
position. The K-means is an algorithm that groups objects into
K number of groups, K being a positive integer. This grouping
is done by minimising the sum of square distances between
data points (RRHs) and the corresponding cluster centroids
(BBUs) [18].

The K-means algorithm was chosen because it is very
efficient and fast, as the only computations being made are
distances between points and group centres. Thus, its has
linear complexity O(n). The two main disadvantages about
this algorithm are [18]:

• The number of centroids, K, must be selected prior to
running the algorithm;

• It starts with a random choice of centroid positions
and therefore it may yield different clustering results on
different runs of the algorithm.

When adapting the algorithm to the present problem, both
issues were solved. First, the number of BBUs (equivalent
to the number of centroids K) is seen as a variable and not
a constant, thus, the algorithm will be ran using different K
values. The user should define the minimum and maximum

number of BBUs to be tested (min BBU and max BBU )
and the algorithm will return which number of BBUs yields the
cheapest overall solution. Second, in order to guarantee that
the random initialisation of the BBUs’ positions, for a given
number of BBUs, do not affect the final results, a Monte Carlo
simulation is used.

A flowchart of the Network Planning Algorithm is presented
on Figure 2.

Read 'RRH.dat'
(total N RRHs) 

i = min_BBU

Compute positions  
for "i" BBUs

Assign RRHs to BBUs  
(using the Link Design
Algorithm to compute

cheapest global alternative) 

Save data (number of BBUs,
BBU position, equipment
used for each RRH, total

cost)

i = max_BBU ?

Return Best Solution

Yes

Yes

No

i++

No

Cheapest alternative
so far?

BBU position and  
RRH assignmenent

converged?

Yes

No

Fig. 2. Flowchart of the Network Planning Algorithm.

The algorithm will run until it finishes analysing the
possibilities for the number of BBUs provided by the user,
and save whichever represents the cheapest alternative. The
outputs describing the best scenario include:

• Number of BBUs;
• Cartesian coordinates for the BBUs;
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• BBU index that each RRH was assigned to;
• Reference of the equipment chosen to connect each RRH

to their respective BBU;
• Total network cost (cost of all connections and cost of

BBUs).

V. RESULTS

A. Link Design Algorithm

In order to study the choices made by the Link Design
Algorithm under different circumstances, four scenarios were
considered:

• Faro, a coastal city in continental Portugal - scenario with
good visibility and low rain intensity;

• Funchal city, in Madeira island, Portugal - scenario with
great visibility and moderate rain intensity;

• Portalegre, an inland city in continental Portugal - sce-
nario with reduced visibility and low rain intensity;

• A variation of the Faro scenario considering reduced
accessibility which excludes Fiber Optics as a technology
possibility.

After defining the weather conditions, the algorithm was ran
for a set of distances ranging from 0 to 18 km and required
throughputs of 0 to 10 Gbps for each scenario. This way,
instead of testing for a particular link, it is possible to see how
the best equipment option varies for different hypothetical link
requirements and different weather conditions.

1) Faro I: Faro city was chosen because it has close to
what can be considered ideal propagation conditions for the
wireless technologies being studied. The inputs used for this
scenario are summarised in Table I.

TABLE I
CHARACTERISTICS OF THE FARO I SCENARIO [19], [20].

Nfd D[h] p[%] T[◦C] ρ[%] Ri[mm/h]

7 3.4 0.01 24 70 32

A low number of foggy days per year, Nfd, and short
average fog duration, D[h], means that there is good visibility.
At the same time, the rain intensity, Ri, is also low which
means attenuation due to rain should be little. The percentage
p[%] represents the unavailability index for FSO and MRL
links. The average temperature for this city, T[◦C], is also
presented in Table I, as well as the average relative humidity,
ρ[%].

Analysing Figure 3, which presents the outputs of the
Link Design Algorithm for this scenario, it can be seen that
it is possible to successfully implement a link for all the
tested combinations of distances and throughputs. The only
equipment that did not prove to be a better option than all the
others, for any situation, was Artolink M1-10GE (FSO). The
other Free Space Optics equipments prove to be the cheapest
option for short links (up to 3 km) and for throughputs
of up to 1100 Mbps. Microwave Radio Link equipments
are the cheapest working solution for distances from around
3 km to 5 km for throughputs up to 1200 Mbps and to

Fig. 3. Outputs of the Link Design Algorithm for Faro (good visibility and
little rain intensity).

15 km for throughputs limited to 400 Mbps. For all the other
combinations, Fiber Optics is shown to be the cheapest choice
of equipment. The costs corresponding to the deployment of
the links, using the equipments picked by the Link Design
Algorithm are shown in Figure 4.

Fig. 4. Cost of implementing the solutions presented in Figure 3.

2) Funchal: The city of Funchal was chosen because, even
though it has increased visibility, i.e very small Nfd and short
D[h], it also has moderate rain intensity, Ri according to the
ITU-R Recommendation [19]. Table II gathers the inputs used
to simulate this scenario.

TABLE II
CHARACTERISTICS OF THE FARO I SCENARIO [19], [20].

Nfd D[h] p[%] T[◦C] ρ[%] Ri[mm/h]

0.3 5.7 0.01 19 70 70

Figure 5 represents the outputs of the simulations for the
given parameters. As stated before, precipitation is the main
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attenuation factor for Microwave Radio Links. This explains
why, compared to the previous scenario, MRL equipments
were either ruled out, like the Ericsson TN-R5, or were limited
to a smaller number of distance-throughput combinations.
Artolink PT-2020 is now limited to a very narrow strip in the
graph and Ericsson LH reduced its range from over 15 km
to around 12 km when compared to Faro. On the other hand,
since the visibility conditions are even better than in Faro, FSO
equipments are optimal in a broader range of applications,
increasing their reach in 1 km when comparing to the Faro
scenario. The costs corresponding to the technologies chosen
for Funchal, are shown in Figure 6.

Fig. 5. Outputs of the Link Design Algorithm for Funchal (great visibility
and moderate rain intensity).

Fig. 6. Cost of implementing the solutions presented in Figure 5.

3) Portalegre: Portalegre city, opposite to Funchal, has low
rain intensity but very harsh visibility conditions. The inputs
used for this scenario are displayed on Table III and the outputs
given by the Link Design Algorithm for this scenario are
presented on Figure 7.

TABLE III
CHARACTERISTICS OF THE FARO I SCENARIO [19], [20].

Nfd D[h] p[%] T[◦C] ρ[%] Ri[mm/h]

107.3 5.7 0.01 19 50 32

Fig. 7. Outputs of the Link Design Algorithm for Portalegre (reduced
visibility and low rain intensity).

Clear visibility is crucial for Free Space Optics technologies.
In this scenario, the fact that there are on average 107.2 foggy
days in a year, where fog lasts on average 5.7 hours, makes
it very difficult for these equipments to fulfil the availability
index of 99.999%. So, for Portalegre, FSO equipments are
never considered a better option over MRL or FO.

Given the fact that the rain intensity is similar to the first
scenario and even though Fiber Optics are considered cheaper
for short distances (up to 3 km), MRL equipments are still
considered the cheapest working solution for distances from
3 km to 15 km for smaller throughput requirements.

The costs corresponding to the technologies chosen for
Portalegre, are shown in Figure 8. Because Free Space Optics
are not an option for any situation for these weather conditions,
the cost for small throughput, short distance links (up to 3 km)
is more expensive than for all previous scenarios. On the other
hand, MRL equipments can reach longer distances concerning
smaller throughputs

4) Faro II: This particular scenario is a variation of the
Faro I scenario. The inputs for the Link Design Algorithm
were exactly the same as in Table I, with one main difference:
in order to simulate a scenario with difficult accessibility, like
an island or a place that was just hit by a natural catastrophe
and needs quick equipment deployment, Fiber Optics was
excluded as an option for this simulation.

Figure 9 shows the outputs of the algorithm for this sim-
ulation. The major difference that is immediately noticeable
is that without making use of Fiber Optics, the maximum
distance achievable is limited to 15 km, and is given by
Ericsson LH which is limited to 380 Mbps. For distances up
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Fig. 8. Cost of implementing the solutions presented in Figure 7.

to 5 km there are other options which are cheaper for the
wide range of throughputs. For the first time Artolink PT-2020
is present the cheapest working solution for large capacities,
because it is the only wireless equipment capable of delivering
throughputs up to 10 Gbps. The costs corresponding to the
results of this simulation are presented on Figure 10.

Fig. 9. Outputs of the Link Design Algorithm for Faro with reduced
acessibility (good visibility and low rain intensity).

B. Network Planning Algorithm

In order to study how the choice of communication tech-
nology varies in different types of network, two distinct
environments were considered, where the main difference
between both these environments is their area and RRH
density: a rural and an urban environment. Also, to see how
the outputs of the algorithm would vary with the requested
throughput, namely the number of BBUs recommended and
the choice of equipments, three situations were considered:
MRRH[Mbps] = 250 Mbps, 500 Mbps and 1000 Mbps for each
of the scenarios.

Fig. 10. Cost of implementing the solutions presented in Figure 9.

1) Rural Scenario: In order to randomly generate a rural
scenario, it was necessary to define its dimensions (l1 and l2)
and RRH density. The characteristics of rural areas are low
population density and spread out population, which means
a small number of RRHs spread out over a large area. The
parameters used are shown in Table IV [21].

TABLE IV
CHARACTERISTICS OF THE RURAL SCENARIO.

l1 [km] l2 [km] RRHdensity [km−2] NRRH

30 30 0.01 9

In order to have an idea of how the number of deployed
BBUs influences the cost of the network, the Network Plan-
ning Algorithm was set to test from 1 to 9 BBUs (number of
BBUs equal to the number of RRHs). Figure 11 shows the
link cost and the total network cost varying with the number
of BBUs being tested for a required throughput of 250 Mbps.

Fig. 11. Cost variation with number of deployed BBUs (Rural scenario -
250 Mbps).

For this specific scenario the number of BBUs correspond-
ing to the lowest cost is 2. By considering a fixed required
throughput and for the same weather conditions, the best
equipment choice depends only on the RRH-BBU distance,
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as it is possible to see in Figure 3. The minimum equipment
cost that is possible to achieve for connecting 9 RRHS with a
throughput of 250 Mbps, corresponds to using Artolink M1-
GE (FSO) for all the 9 RRHs. Still, for this equipment to
be usable, the RRH-BBU distance must be smaller than or
equal to 2.7 km. Having a more sparse distribution means that
distances between RRHs and BBUs are larger. On the other
hand, every BBU that is introduced in the network shortens
these distances, as each BBU’s position is computed so as to
minimise their distance to the RRHs, making it possible to
use cheaper equipments. The previous figure also shows how
the equipment cost goes down when the number of BBUs
is increased. But after some point, it does not compensate
globally to increase the number of BBUs in order to achieve
lower equipment costs.

The specific equipments chosen by the Network Planning
Algorithm for this scenario are shown on Figure 12.

Fig. 12. Equipment Choices (Rural Environment with RRHs requiring
250 Mbps).

The minimum cost for this situation corresponds to having
2 BBUs and using 88.9% MRL technology and 11.1% FSO
technology. Fiber Optics are not chosen to perform any of the
RRH-BBU links in this case.

Figure 13 shows the costs corresponding to equipment and
the total network cost varying with the number of BBUs being
tested, changing the RRHs’ required throughput to 500 Mbps.

Fig. 13. Cost variation with number of deployed BBUs (Rural scenario -
500 Mbps).

In this case, the minimum cost was found when using 5
BBUs. Figure 13 shows a much bigger decline in Link Costs
as the number of BBUs increases, when compared to Figure
11 for 250 Mbps. This means that the total minimum cost
will correspond to a larger number of BBUs. Comparing the
equipments that are able to provide a throughput of 250 Mbps
and 500 Mbps in Figure 3, it is possible to see that there are
less available equipments able to provide with 500 Mbps, and
all of them, except for Fiber Optics, require shorter distances
to operate. This means that in order to be able to reduce the
equipment related costs, the distances have to be shortened,
even more than in the previous case. The specific equipments
chosen for this scenario are presented in Figure 14.

Fig. 14. Equipment Choices (Rural Environment with RRHs requiring
500 Mbps).

The most used equipment for the scenario with 250 Mbps
is not able to provide 500 Mbps connections, so it is left
out. MRL technologies still play an important role, making
up for 44.4% of the links, same as FO that for higher
throughputs starts showing up as an alternative. The increase
in the number of BBUs still was not enough to reduce the
RRH-BBU distances in order to make Artolink M1-GE the
preferred equipment, only accounting for 11.1% of the links
for this scenario.

The final simulation for the rural scenario was made
assuming that all RRHs required a throughput of 1000 Mbps.
Similarly to the previous described case, the number of BBUs
corresponding to the lowest overall network cost is 5. The cost
corresponding to the equipments and BBUs, as the algorithm
iterates, is displayed in Figure 15.

Figure 16 shows which equipments were chosen to perform
the RRH-BBU connections, based in their distances. Looking
at Figure 3 we can see that for a throughput of 1000 Mbps,
there are only three equipment possibilities. Comparing with
the previous case, Ericsson TN-R5 substitutes the former MRL
technology and makes up for 33.3% of the links. Fiber Optics’
usage increased to 55.5% and the usage of FSO remained the
same.

2) Urban Scenario: In order to generate an urban scenario,
it was again necessary to define its dimensions and RRH
density. The parameters used for the following simulations
were based in the case study in [22] and are displayed in
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Fig. 15. Cost variation with number of deployed BBUs (Rural scenario -
1000Mbps).

Fig. 16. Equipment Choices (Rural Environment with RRHs requiring
1000 Mbps).

Table V and represent a smaller area and a larger number of
BBUs, comparing with the rural case.

TABLE V
CHARACTERISTICS OF THE URBAN SCENARIO.

l1 [km] l2 [km] RRHdensity [km−2] NRRH

7 7 5 245

Three distinct simulations where made, varying the RRH
required throughput between 250, 500 and 1000 Mbps, as
it was done before. But for this case, since there is such a
large number of BBUs condensed in a much smaller area,
the results obtained were the same for the three simulations.
Figure 17 shows the costs corresponding to equipment and the
total network cost varying with the number of BBUs being
tested. In this case the number of BBUs was iterated from 1
to 245, but for better visualisation only the first iterations are
shown.

The lowest cost for this network corresponds to having 4
BBUs. It is possible to see that the cost related to equipment
stabilises for that number of BBUs, so there is no advantage
in increasing the number of clusters. By the fourth iteration,
all the RRH-BBU distances are smaller than 2.7 km, which
means that the lowest cost working equipment for all the three
throughputs, according to Figure 3, can be used - Figure 18

Fig. 17. Cost variation with number of deployed BBUs (Urban Scenario).

confirms this statement.

Fig. 18. Equipment Choices (Urban Environment).

C. Discussion

From testing the Link Design Algorithm for different
weather conditions, it was possible to verify how sensi-
tive the wireless communication technologies studied are to
weather conditions, since they use air as its propagation
mean. Comparing Figures 3 and 5 one can verify the extreme
effect that fog causes in Free Space Optics communications,
as they become completely obsolete on scenarios with low
visibility. Microwave Radio Link technology struggles with
rain instead of fog, but comparing Figures 3 and 5 we
can see that these equipments can still operate, but for
shorter distances. Another observation is that, regardless of the
visibility and rain conditions and considering only the above
referred equipments, only Fiber Optics can guarantee links that
are longer than 15 km, regardless of the required throughput.

Regarding the Network Planning Algorithm and the rural
scenarios described, one can see that, as the throughput
requirement increases the need to use Fiber Optics also
increases. Still it is relatively cheap to deploy a network for
small throughputs like 250 Mbps, because MRL technologies
are cheaper than FO and are able to reach distances up to 15
km, which demand a smaller number of BBUs as compared
to the 500 and 1000 Mbps simulation. For urban scenarios,
defined as having a more dense distribution of RRHs, the
RRH-BBU distances are shorter from the start, which means
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that in this situation distance is not such a relevant factor as
for the previous scenario. Using a small number of BBUs,
it is possible to achieve RRH-BBU distances that allow the
user to choose whichever equipment is cheapest, as long as
the required throughput is satisfied. FSO technology played
a very important role in this scenario, as it can deliver large
throughputs, cheaper than FO, as long as the distance to cover
is relatively short. FSO was chosen to perform 100% of the
links for the three urban scenario simulations.

Even though some conclusions can be taken from these sim-
ulations, it is extremely important to note that both algorithms
can be completely parametrisable to meet the user needs.
The simulations presented intend to be case generalisations
that allow one to gain an overview of how inputs like
weather conditions, distance and required throughput influence
communications and which communication technology applies
best to certain situations and one should still inspect each
individual link as some factors where not considered during
the simulations, namely:

• The simulations assume that all the points are at the same
altitude, as no height-map was used as an input.

• The designed tool does not consider the angle of the sun,
which can cause interferences in propagation for FSO
technologies.

• Factors like birds, trees or buildings were not considered
and can severely influence FSO communications.

• This tool does not consider the use of repeaters, which
can extend the distances reached by wireless technolo-
gies.

• The BBU cost is variable depending on the site being
considered, and deeply influences the outputs of the
Network Planning Algorithm.

VI. CONCLUSIONS AND FUTURE WORK

The main goal of this thesis was to do a comparative
study between three communication technologies, applied to
the Fronthaul portion of a mobile network using a C-RAN
architecture. This study was divided into two main parts:

• Isolated point-to-point links;
• Incorporation of the later in a network context, with the

need to plan for multiple links instead of single links.
In order to study the implementation of the links referred

above, two programs were developed using Matlab: the Link
Design Algorithm, for point-to-point connections, and the
Network Planning Algorithm, for studying networks with more
than one link. The second algorithm makes use of the first
in order to determine the number and position of BBUs that
allows for the user to achieve the cheapest overall network.
An economic analysis was also made, taking the CAPEX and
OPEX of each equipment into consideration.

In order to test the Link Design Algorithm, four scenarios
with distinct conditionings were defined:

• Faro city, with good visibility conditions and low pre-
cipitation (close to ideal propagation conditions). This
scenario was considered as the control scenario, where

all the technologies can perform at their best. FSO
equipments proved to be the best options for distances
up to 3 km and throughputs up to 1000 Mbps. For low
throughput requirements, MRL can guarantee connectiv-
ity for distances up to around 15 km. Fiber Optics assured
that all the other distance-throughput combinations could
be achieved.

• Funchal city, with good visibility and moderate precip-
itation, where FSO equipments performed similarly and
MRL equipments were more limited when compared to
the first scenario.

• Portalegre city, with poor visibility and low precipitation.
Here it was possible to confirm that fog is a big limitation
for FSO technology, as none of the equipments were
able to perform for the given weather conditions. MRL
equipments performed similarly to the first scenario.

• Faro city with reduced accessibility. A variant of the
first scenario where Fiber Optics were discarded as an
option. Here communications were limited to a distance
of 15 km, since that is the maximum achievable by the
wireless equipments used for the tests. offered by MRL
equipments for low throughputs. For throughputs larger
than 1000 Mbps, FSO arised as the only option, being
able to reach distances of around 5 km.

The Network Planning Algorithm was ran for two different
environments, using the same weather conditionings as in the
Faro I simulation. For each scenario three different values of
RRH throughout requirements were considered:

• Rural environment, with few and very sparsely distributed
RRHs in a large area. For smaller throughputs, MRL
technologies play an important role in the network, also
reducing the costs as less BBUs are needed. As the
throughput requirement increases, so does the number
of BBUs, in order to allow for the usage of equipments
cheaper than fiber, which demand short operating dis-
tances.

• Urban environment, with many and very condensed
RRHs in a smaller area. The results for this scenario
were the same, regardless of the required throughput
being tested. Deploying few BBUs in a network with
this characteristics will mean that RRH-BBU distances
will be very short. So FSO equipments arised as a very
attractive solution, as long as the visibility conditions are
favorable.

Some suggestions for future work in this topic include:

• Considering the usage of repeaters for MRL and FSO,
as these can increase the distance reached by equipments
using those technologies and even help overcome phys-
ical obstacles by going around them. This feature can
make wireless technologies come closer to Fiber Optics
regarding their reach.

• Consider the aggregation of traffic from RRHs close to
each other. This can help reduce the costs as some RRHs
can re-direct traffic to other RRHs.
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