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Abstract—A Cloud Radio Access Network (C-RAN) is a novel
mobile network architecture that has the potential to support
extremely dense mobile network deployments enhancing the net-
work capacity while offering cost savings on baseband resources.

In this work we analyze cell traffic profiles and evaluate the
conditions that impact the statistical multiplexing gain in the
Baseband Unit (BBU) Pool. We conclude on the set of parameters
that maximize the statistical multiplexing gain, leading to the
highest potential cost savings. We then propose a packet based
architecture that can adapt to changing traffic conditions.

Furthermore, based on theoretical calculations and network
simulations we present considerations on deployment scenarios
to optimize green field deployments in terms of Total Cost of
Ownership (TCO). This involves optimizing the mix of cells with
different traffic profiles and the BBU Pool positioning in order
to reduce the number of required BBUs as well as the required
fiber.

Keywords—Cloud RAN; mobile networks; small cells; statistical
multiplexing gain; total cost of ownership

I. INTRODUCTION

Ubiquitous deployment of mobile services is a must for
future societies. Everyone agrees on the trend in mobile traffic:
it is growing! How much it is growing can always be discussed,
but it will for sure increase [1], [2]. To support this growth
many more mobile base stations must be deployed. This
densification of base stations presents not only a cost issue,
but also a practical/aesthetic issue in urban environments. Both
issues can be addressed by the use of Cloud Radio Access
Networks (C-RANs) [3] and Remote Radio Heads (RRHs) [4].
The reduced form factor RRHs facilitate ease of deployment
and combined with C-RANs to share baseband resources,
significant cost-savings can be achieved in areas where cells
have different traffic profiles.

Traditionally, a C-RAN is constructed by directly inter-
connecting the central pool of baseband resources to the RRHs
using fibers. In this paper we take this approach even further in
that we propose the use of a packet based fronthaul network.
This enables a much more flexible use of resources and as
will be shown in this paper, this flexibility can be leveraged
to maximize the multiplexing gain of a C-RAN deployment.

The following contributions on multiplexing gain in
C-RAN can be found in the literature. Namba et al. [5]
performs an analysis on statistical multiplexing gain as a
function of cell layout, basing on the variation of population
between day and night in the Tokyo metropolitan area. The
analysis shows that the number of BBUs can be reduced by

75% compared to the traditional RAN architecture. Madhavan
et al. [6] quantify the multiplexing gain of consolidating
Worldwide Interoperability for Microwave Access (WiMAX)
base stations in different traffic conditions. The authors focus
on measuring CPU Cycles Per second in BBU Pool for differ-
ent number of base stations consolidated. The gain increases
linearly with network size and it is higher when base stations
are experiencing higher traffic intensity. In our previous work
[7] we present an initial evaluation of statistical multiplexing
gain of BBUs in C-RAN based on cell throughput. The
paper concludes that 4 times fewer Baseband Units (BBUs)
are needed for user data processing in a C-RAN compared
to a traditional RAN for specific traffic patterns, making
assumptions of the number of cells serving different types
of areas (office/residential/commercial). The model does not
include mobile standard protocols processing. In the current
work we improve traffic processing by adding L2/L3 and
evaluate multiplexing gain for different mixes of cells.

This paper is organized as follows. In Section II we
elaborate on analytical and network simulation work that
explores the potential statistical multiplexing gain in C-RANs.
In Section III we describe a packet based fronthaul network
that enables flexible assignment between RRHs and the BBU
Pool to maximize cost savings. In Section IV we look into
cost optimization for C-RAN deployment considering number
of BBUs and length of fiber required. Finally, we present our
conclusions and an outlook for further work.

II. MAXIMIZING STATISTICAL MULTIPLEXING GAIN IN

C-RANS

A C-RAN addresses the so called ’tidal effect’, meaning
that base station utilization changes throughout the day de-
pending on the type of area it serves. Base stations located in
office areas will experience highest traffic load during working
hours, while in the evening they will remain underutilized.
Conversely, base stations located in residential areas are un-
derutilized during the day, while they need to maintain the
capacity to serve users coming home in the evening. Figure 1
illustrates the fluctuations in the base station load throughout
the day. In traditional RANs baseband capacity is statically
assigned to the cell, meaning that the resources are allocated
regardless of the users’ movements throughout the day. In a
C-RAN BBU resources can be dynamically allocated, thereby
benefiting from statistical multiplexing gain adapting to traffic
fluctuations. Figure 2 illustrates that aggregated traffic in a
C-RAN is less bursty throughout the day than traffic profiles
of each of the cells.
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Fig. 2: Statistical multiplexing gain in C-RAN architecture for mobile networks.

0

5

10

15

20

25

30

35

40

45

0 6 12 18 24

Lo
ad

 

Time (h) 

Office base station Residential base station

Fig. 1: Daily Load on base stations varies depending on base
station location [3].

We study the statistical multiplexing gain in C-RAN com-
paring resources needed in a traditional RAN to resources
needed in a C-RAN. As the amount of baseband resources
is proportional to the traffic they need to process, we compare
the sum of the traffic peaks in a traditional RAN to peak
throughput in a BBU Pool in a C-RAN, as shown in Equation
(1) for N base stations. We have varied the percentage of
office base stations and observed for which mix of office
and residential base stations the statistical multiplexing gain
is maximal.

MultiplexingGain =

N∑

n=i

PeakThroughputRAN (n)

PeakThroughputC−RAN
(1)

We performed the analysis for cells with a daily load dis-
tribution as presented in Figure 1 using analytical calculations
and network simulations.

A. Analytical approach

It is assumed that one RRH is able to cover one cell and that
a BBU is on average capable of handling traffic load equivalent
to a 70% loaded cell. This means, if an area is covered by seven
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Fig. 3: Number of BBUs allocated during a day, for 100 office
and 100 residential cells in C-RAN compared to a traditional
RAN.

RRHs and each RRH/cell has a 10% traffic load, one BBU is
enough to handle all seven RRHs. It is also assumed that in
a traditional RAN setup all BBUs have the same capacity,
therefore seven RRHs would require seven BBUs.

Figure 3 shows that when using BBU Pooling the number
of needed BBUs is lowered. In the scenario for C-RAN, when
it is assumed that 100 of the cells are covering a residential
area and 100 of the cells are covering an office area, only
71 BBUs are needed. By using a BBU Pool compared to a
traditional RAN setup, it is possible to save up to 129 BBUs,
as a traditional RAN setup would require 200 BBUs.

But how many BBUs should be allocated, if there are
30% office cells and 70% residential cells? Figure 4 shows
the optimal balance between office cells and residential cells.
This is done by taking the required number of allocated BBUs
for varying percentage of office cells connected to BBU Pool
where the remaining percent is representing residential cells.

Figure 4 shows that the most optimal distribution is 21%
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Fig. 4: Optimal distribution of office and residential cells -
analytical results.

office cells and 79% residential cells if the goal is to save as
many BBUs as possible. By using this distribution of office
and residential cells, it is possible to save up to 71% BBUs
compared to a traditional RAN setup. However, this is only
useful in planning aspects, if all cells are following the traffic
load showed in Figure 1.

B. Network modeling approach

Network simulations were carried out in OPNET Modeler
inspired by a traffic forecasts for 2019 [2], [1]. Simulations
are carried out for 16 hours to study the impact on varying
traffic load throughout the day - from 8 a.m. to midnight.
Traffic load for the average office and residential base station
follows the trend presented in Figure 1. The parameters of the
traffic models are summarized in Table I. We ran the actual
applications on top of the TCP/IP and Ethernet protocol stack,
as shown in Figure 5. We ran the simulation for 10 cells,
varying the number of office and residential base stations.
Traffic is aggregated by the Ethernet switch. We observed the
peak throughput in downlink direction on the links between
the cells and the switch to obtain PeakThroughputRAN(n)
and the peak throughput on the link between the Ethernet
switch and the BBU pool to collect PeakThroughputC-RAN to
calculate multiplexing gain according to Equation (1). 24 runs
with different seed values were conducted to obtain standard
deviation of the results. Confidence intervals for 95% level
were calculated using a Student’s t distribution.

Figure 6 shows modeled traffic from residential, office and
aggregated traffic from 5 office and 5 residential cells. Please
note the logarithmic scale.

Figure 7 summarizes the results on the statistical multiplex-
ing gain for different percentage of office base stations for the
studied traffic profile. It shows that the maximum statistical
multiplexing gain is achieved for a BBU Pool serving 30%
of office base stations and 70% of residential base stations.
Different traffic profiles will affect the results, however the
same model can be used to process different input data.

C. Conclusions on statistical multiplexing gain in C-RAN

Looking at the statistical multiplexing gain that can be
achieved in C-RAN, we conclude that under our assumptions
it achieves maximum value for 21% of office cells in the
analytical approach resulting in 70% of BBU save and 30%
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Fig. 5: Network model used for simulations.

TABLE I: Traffic generation parameters for network modeling;
C - Constant, E - Exponential, L - log-normal, U - uniform,
UI - uniform integer

Traffic Parameters Value Distribution

Video application - 50% of total traffic

Frame interarrival time 10 frames/sec C

Frame size 128 x 120 pixels - 17280 B C

Start time offset min 50 s, max 3600 s U

Duration of profile run mean: 180 s E

Inter-repetition time mean: 1800 s E

File sharing application - 40% of total traffic

Inter request time mean: 180 s [8] P

File size mean 2 MB [8] L

File size Standard Deviation 0.722 MB [8]

Duration of profile run mean: 1200 s E

Inter-repetition time 300 s E

Web browsing application - 10% of total traffic

Page interarrival time mean: 10 s E

Page properties main object: 1 KB C

Number of images: 7 C

Size of images: min 2KB,
max 10KB

UI

of office cells concluding from the modeling approach, with
the statistical multiplexing gain reaching 1.6. The analytical
approach took an average network load for each hour, while
the modeling approach included burstiness resulting from
application definitions and protocol stack processing. Both
approaches show the same trend line, which validates the
results.

III. PACKET BASED FRONTHAUL

Due to the high capacity requirements and (not least)
the tight synchronization requirements to a fronthaul infras-
tructure, the common C-RAN implementation is direct fiber
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Fig. 6: Modeled traffic from residential, office and aggregated
traffic from 5 office and 5 residential cells.
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Fig. 7: Optimal distribution of office and residential cells
- simulation results. Confidence intervals for 95% level are
shown.

connections from the BBU Pool to the RRHs, as shown
in Figure 8a. However, this setup is inflexible in terms of
assigning RRHs to the BBU Pool. As shown in this paper,
the multiplexing gain of the BBU Pool is dependent on the
traffic mix from different cells. Therefore, by using a packet
based fronthaul based on e.g., Ethernet (as outlined in Figure
8b) the RRHs can be dynamically assigned to BBU Pools and
hence the overall multiplexing gain of the BBU Pools can be
maximized.

This is most beneficial in case there are multiple BBU
Pools available within a limited area (Figure 8c). In this case
when the traffic distribution changes the cell can be re-assigned
to the BBU Pools to achieve an optimal multiplexing gain. The
traffic distribution can change in case new cells are added to
the network or if existing cells change their traffic profile.

Using a packet based fronthaul will not only allow for
optimizing the BBU Pool resources. Also the transport network
resources can be more optimally utilized as a consequence of
using packet based technologies. The high capacity required in
the fronthaul is now no longer fixed, but can be dynamically
shared among cells and also be shared with other access
networks. The main challenge in doing this is meeting the
strict requirements to synchronization in the fronthaul.

Synchronization in packet based fronthaul networks is one
of our current research areas within the context of the European
research project HARP [9].

Fig. 9: Mobile network deployment scenario.

TABLE II: Scenario parameters.

Cell radius 1 km

Coverage area 200 km2

BBU Pool position Middle of the covered area

Area distribution 21% office cells and 79% residential cells

IV. COST OPTIMIZATION OF C-RAN DEPLOYMENT

Today when a new RAN is deployed, either a traditional
base station, split of base station between RRH and BBU or
a C-RAN with RRHs are considered. But is it best to use
C-RAN with RRHs or traditional base stations in terms of
minimizing the Total Cost of Ownership (TCO)? The TCO
means in this context, the cost of all BBUs and the amount
of fiber required to an area, as shown in Equation (2). It is
assumed that a traditional base station does not require any
fiber, as it will use either microwave or copper as backhaul
and the infrastructure is already deployed. As the cost of one
BBU and one kilometer of fiber is unknown, a cost factor is
used instead. The value of the cost factor shows how many
times one kilometer of fiber is cheaper than one BBU.

TCO = BBUCost ·NBBUs +

+FiberCostPerKm ·NKmOfFiber · 1

CostFactor
(2)

Where BBUCost and FiberCost have the same value.

Before calculating the TCO, one needs to know how many
BBUs are required and the length of fiber required to cover a
certain area depending on whether using C-RAN with RRHs
or traditional base stations. We do the calculations for the
parameters listed in Table II. It is assumed that the cells are
hexagonal and the fiber is buried as straight lines from the BBU
Pool to the RRHs, as shown in Figure 9. The area distribution
is optimized in terms of minimizing the number of BBUs by
using the traffic profiles of China Mobile shown in Figure 1.

Figure 10 shows the required number of BBUs and the
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Fig. 8

length of fiber as function of percentage RRHs. This means, if
only traditional base stations are used in the RAN deployment,
77 BBUs are required and no fiber is required. The reason why
the area needs 77 BBUs is because the 200 km2 area requires
77 cells in order to be covered. When only RRHs are used
in the C-RAN deployment, 530 km of fiber and 23 BBUs are
required.

Now it is possible to use the TCO Equation (2) to calculate
the TCO with different cost factor values. Figure 11 and 12
show that when the cost of BBU and fiber pr. km is the same
(cost factor 1), then it is not worth investing any money in
RRHs, as it is cheaper to put up traditional base stations.
However, when it reaches a cost factor of 3, it is starting to
pay off to invest in C-RAN with RRHs. To show a clearer
picture of the cost factor significance Figure 12 is showing
the optimal share of cells deployed in C-RAN with RRHs
versus traditional base stations at minimum TCO. The figure
shows the optimal share of RRHs with different cost factors.
The blue graph shows that when 15 km of fiber cost the same
as 1 BBU, it is no longer worth investing in traditional base
stations, as it is cheaper to implement RRHs. When a cost
factor of 10 is used, it is best to invest in 50% RRH and 50%
traditional base stations.
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What will happen if maintaining all the same parameters as
listed in Table II, while changing the coverage area to 100 km2

and 400 km2? That scenario is also shown in Figure 12, which
shows that, the larger the coverage area is, the greater is the
cost factor for which C-RAN deployment is beneficial. This
means, that the larger our mobile RAN gets in terms of area,
traditional base station will most likely be the most optimal
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solution when minimizing TCO. This is also meaningful when
looking at Figure 10, as our fiber curve increases faster than
the BBU curve decreases. Figure 12 also clarifies that C-RAN
is mainly useful for densely placed cells.

V. CONCLUSIONS

In this paper, we presented the solutions on how to optimize
new RAN deployments in terms of minimizing TCO. This
involves optimal distribution of office and residential cells in
order to reduce the number of required BBUs for a BBU pool
and the optimal share of C-RAN with RRHs versus traditional
base stations at different cost factors.

We investigated the statistical multiplexing gain that can be
achieved in C-RAN, using analytical and modeling approach.
For the analyzed traffic profile they both show that the optimal
gain can be obtained connecting 20-30% of office base stations
and 70-80% of residential base stations to the BBU Pool. The
statistical multiplexing gain reaching up to 1.6 can be achieved.

Moreover, we show that if the cost factor (the ratio between
the cost of one BBU to the cost of one kilometer of fiber
deployment) is 3 or higher it is beneficial to deploy C-RAN
with RRHs in the mobile network in order to minimize TCO.
The results also show that the advantage is higher when
looking at smaller (100 km2) areas compared to larger (400
km2) areas. Therefore, our findings show that C-RAN is
beneficial for urban deployments with densely placed cells.

In our future work we look at cost optimization of the
cost for a scenario with multiple BBU Pools using integer
programming. We plan to also include conditions when the
cost factor is smaller than 1.
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