
Journal Pre-proof

Enabling realistic experimentation of disaggregated RAN: Design,
implementation, and validation of a modular multi-split eNodeB

Cristian C. Erazo-Agredo, Luis Diez, Ramón Agüero,
Mario Garza-Fabre, Javier Rubio-Loyola

PII: S1389-1286(23)00438-3
DOI: https://doi.org/10.1016/j.comnet.2023.109993
Reference: COMPNW 109993

To appear in: Computer Networks

Received date : 16 April 2023
Revised date : 21 July 2023
Accepted date : 21 August 2023

Please cite this article as: C.C. Erazo-Agredo, L. Diez, R. Agüero et al., Enabling realistic
experimentation of disaggregated RAN: Design, implementation, and validation of a modular
multi-split eNodeB, Computer Networks (2023), doi:
https://doi.org/10.1016/j.comnet.2023.109993.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the
addition of a cover page and metadata, and formatting for readability, but it is not yet the definitive
version of record. This version will undergo additional copyediting, typesetting and review before it
is published in its final form, but we are providing this version to give early visibility of the article.
Please note that, during the production process, errors may be discovered which could affect the
content, and all legal disclaimers that apply to the journal pertain.

© 2023 Elsevier B.V. All rights reserved.

https://doi.org/10.1016/j.comnet.2023.109993
https://doi.org/10.1016/j.comnet.2023.109993


Journal Pre-proof

Abst

So
ities
are d
spec
appr
tatio
impl
expe
impl

Keyw

1. In

On
chite
(SDN
divid
base
to ce
the s
RAN

Th
redu
poss
ment
that
comp

Op
icate
tral U
ploy
the l
whic
are d
sense
3GP
is at
place
tion
front

Th
chall

Prepr

Manuscript File Click here to view linked References

© 2023. This manuscript version is made available under the CC-BY-NC-ND 4.0 
license http://creativecommons.org/licenses/by-nc-nd/4.0/
Jo
ur

na
l P

re
-p

ro
of

Enabling realistic experimentation of disaggregated RAN:
design, implementation, and validation of a modular multi-split eNodeB

Cristian C. Erazo-Agredoa, Luis Diezb, Ramón Agüerob, Mario Garza-Fabrea, Javier Rubio-Loyolaa
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ract

ftware-defined networking and network function virtualization are the key enablers in the division of base station functional-
and the deployment of some of these in central nodes. In this way, eNodeB tasks, traditionally deployed at dedicated nodes,
istributed between Central Units (CU) and Distributed Units (DU), which are closer to the Radio Units (RU). The 3GPP has
ified eight possible functional splits between the CU and the DU. Despite their importance, to date, there is a lack of practical
oaches that enable the real separation of multiple functional splits into different nodes, which would in turn enable the adap-
n of the functional split configuration, according to network conditions and traffic load. This paper presents the design and
ementation of an experimental architecture that allows the actual separation of protocol layers into different nodes, enabling the
rimentation with up to four functional split configurations. The validation results demonstrate the feasibility of the proposed
ementation, which copes with the delay requirements established by the Small Cell Forum in all configurations.

ords: eNodeB disaggregation, functional split, practical implementation

troduction

e of the cornerstones of 5G and 6G networks is the ar-
ctural shift that, exploiting Software Defined Networking
) and Network Function Virtualization (NFV) techniques,

es the functionalities that were traditionally attached to the
station. This new paradigm moves some of such functions
ntral nodes, usually deployed at cloud servers, leading to
o-called Cloud-RAN (CRAN) or, more recently, Virtual
(VRAN).
e above approach brings several advantages, such as the

ction of costs (both deployment and operational), and the
ibility to leverage tighter cooperation between access ele-
s. On the other hand, it also comes with several challenges
should be tackled, being particularly relevant the need to
ly with the strict delay requirements of certain services.
posed to legacy base stations, which mostly comprise ded-

d hardware elements, functions are now divided into Cen-
nits (CU) and Distributed Units (DU). The former are de-

ed in the cloud, exploiting virtualization techniques, while
atter are closer to the Radio Units (RUs). Depending on
h functions are deployed at each of these elements, there
ifferent possible configurations or functional splits. In this
, Figure 1 illustrates the ones that have been specified by

P, where the CU is at the left side of the figure, and the DU
the right. Configurations with a higher index (see Figure 1)

more functions at the CU, leading to a greater centraliza-
level, which imposes more strict delay requirements to the
haul network, which connects DU and CU.
is new paradigm opens various research problems and
enges. One initial aspect that needs to be tackled, related to

network planning, is the placement of CUs and the consequent
connections to DUs. This can be done in combination with the
establishment of the particular configuration (functional split)
or centralization level, i.e., specifying which functions are exe-
cuted at the CU and at the DU. There are some works that have
addressed these problems, both individually and jointly.

Furthermore, there exists the possibility of dynamically
changing the functional split, according to the particular net-
work conditions and traffic load. The so-called flexible func-
tional split thus affects the network operation and its manage-
ment. There are few papers that have explored the potential
benefits of this approach, or proposed models to assess its per-
formance.

In this work, we take a different approach, which to our best
knowledge has not been explored before. Our aim is to develop
a testbed, for lab environments, which enables all the functional
splits that separate different protocol entities: O1, O2, O4, O6
(cf. Figure 1). We use the srsRAN 4G implementation, which
can be deployed using Software Defined Radio (SDR) devices,
and so the O8 functional split is intrinsically available. We mod-
ify the implementation using wrappers, which keep the original
behavior of the classes that conform the srsRAN implementa-
tion. We first evaluate the validity of the proposed modifica-
tions, and we then thoroughly assess its performance, both in
terms of delay, to identify the configurations that are feasible,
and computational effort (in terms of CPU load). All the imple-
mentation presented in this paper has been made available at a
public git repository1. Although the developed solution is based
on the 4G stack, the adopted design could be straightforwardly

1https://github.com/tlmat-unican/fd-srsran

int submitted to Computer Networks July 21, 2023
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Figure 1: Possible functional splits between the CU and DU according to 3GPP.

ted to the 5G stack. In fact, we took the 4G project as our
ng point, since there was not a alternative solution for 5G
we began the development tasks.

e paper is structured as follows. Section 2 discusses re-
work on CRAN and functional split. Section 3 presents
esign and implementation of the proposed architecture,
h is then validated and evaluated in Section 4. We con-
the paper in Section 5, which provides an outlook of our

e work.

tate of the art

though the relevance of functional split, and gNodeB dis-
egation strategies, has recently grown quite strongly, re-

works on detailed implementations that enable gNodeB
tional split are quite scarce to date. This section gathers the
ementations available in the state of the art.
e authors of [1] introduce a proof-of-concept for func-
l splits 2 and 5 over a TDM-PON-based CRAN, which
the Mobile-Central Office re-factored as a Datacenter (M-
D). The authors present results with such split configura-
, which are compared using the reliable and non-reliable
port protocols, TCP and UDP, respectively for both uplink
and downlink (DL). The authors found that split 5 pro-
larger throughput than split 2.

fadhli et al. discuss in [2] an analysis of the latency for
on-7, Option-8, and Option-9 functional splits. The au-

demonstrate that the latter, for the fronthaul interface de-
tends to increase the statistical multiplexing gain, allowing
U to use the simplest structure with the lowest fronthaul
cy, as well as almost removing the interface delay at the
haul, while greatly reducing the optical conversion delay.
ct, the authors claim to have experimentally demonstrated

ption-9 can support lower latency at the fronthaul, thus al-
ng longer fronthaul link lengths in integrated fiber-wireless
ss networks.
unis et al. propose in [3] a task offloading solution for
ile Edge Computing (MEC) environments. The solution is
ulated as an optimization problem that is proven to be NP-
. Then it is afterwards changed into a linear one, which is
ly solved using existing tools. Interestingly, the proposed

solution is evaluated over a testbed based on Open Air Inter-
face (OAI) framework, which already implements functional
splits for RU/DU/CU disaggregation. Differently to our work,
the authors in [3] use an existing implementation to evaluate a
solution on top of it, but they do not develop or broaden the ex-
isting splits in OAI. Similarly, Matoussi et al. [4] also leverage
the OAI framework to evaluate a flexible functional split al-
gorithm that considers traffic and computational requirements,
along with power consumption. The authors propose a solution
based on Particle Swarm Optimization (PSO), which is first an-
alytically assessed over a simulation environment, to be after-
wards validated using the OAI framework. As it was the case
of [3], Matoussi et al. do not aim to extend the adopted SDR
solution, but to exploit an existing one. In this sense, the scope
of our work is rather different, since we describe the implemen-
tation of new functional split features in an existing framework.

Martinez-Alba et al. introduce in [5] adaptive functional split
mechanisms to switch from PDCP-RLC to MAC-PHY, or vice
versa, at runtime, without interrupting user traffic. The pro-
posed method uses a replication-based approach, with three
variations: hard, soft, and custom. It is tested through exper-
imental validation for packet losses and end-user latency. Ex-
perimental results demonstrate that hard migrations do not add
a remarkable delay, but they are prone to induce packet losses.
Moreover, soft migrations are suitable to reduce packet losses
at the cost of introducing a delay of up to 15 ms. A trade-off be-
tween both key performance indicators is achieved with custom
migrations, which show a linear relationship between latency
and packet losses.

Another work of interest is [6], where Rodriguez et al. an-
alyze and implement the 7.3 intra-PHY functional split in a
C-RAN architecture, with the main goal of keeping the cen-
tralization benefits, while reducing the required fronthaul ca-
pacity. The 7.3 split configuration is then compared with the
7.1 and 7.2 functional splits. Experimental tests demonstrate
that the 7.3 split implementation outperforms the other ones in
terms of required fronthaul bandwidth and achievable distance
between RU and DU, when considering suitable multithreading
of (de)coding functions.

Furthermore, the authors of [7] present a prototype to assess
the impact that flexible functional split might have on energy
consumption. Other studies focus on the reconfiguration of the

2
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Figure 2: Functional description the implementation

rlying network so that it can comply with the strict require-
s of the functional splits. For instance [8, 9] propose and
s solutions to reconfigure the fronthaul network, based on
al technology, while the authors of [10] use an Ethernet-
d alternative. There exist some works that pay attention
e access element resources, like [11], where the authors
ose F-RAN, an architecture that performs split selection
rding to the available radio resources.
levant stakeholders, including operators, vendors, and

emia, under the umbrella of the Open Radio Access Net-
(O-RAN) Alliance, are, at the time of writing, fostering
etwork disaggregation paradigm, promoting flexible, vir-

zed and open RANs [12, 13]. They exploit the functional
approach established by the 3GPP, in particular Options 2
.2, and they introduce the same functional elements: ORU,
, OCU (O-RAN RU, DU, and CU, respectively). Our work
lements this initiative since we aim to promote a design

would enable using various functional splits. On the other
, and as was already mentioned, our design and develop-
have been conceived for testing and research, while the
N Alliance focuses on networks in production.

esign and implementation

is section describes the implementation carried out to de-
the fully disaggregated 4G base station (eNodeB). In gen-

we will refer to splits between CU and DU entities, while
U is assumed to be a separate node, hosting only the radio
face. Nevertheless, some split configurations could actu-
represent a DU-RU separation. As mentioned in Section 1,
mplementation described in this paper is intended for ex-

entation and research. In that sense, although the func-
l separation of the different entities is provided, the com-
ication between them does not follow the standardized F1
face.
e solution described in this paper is based on the srsRAN
mplementation. In this sense, Figure 2 shows a gen-
view of the final implementation, where dotted and solid
correspond to implemented and existing interfaces, re-

tively. As can be observed, the final solution separates the
layers of the protocol stack, and the RRC entity from the
f the stack. This way, the CU always hosts the RRC and

the DU the PHY layer, while the particular placement of the
rest of the stack can be configured.

The implementation described in this paper would allow con-
figuring the following splits, all of them defined by the 3GPP
[14]:

• Option 1 (O1), which places the RRC at the CU, and the
rest of entities at the DU;

• Option 2 (O2), where the RRC and PDCP are located at
the CU, and the DU hosts the other entities. This split is
adopted by the O-RAN architecture [15] for the CU-DU
separation;

• Option 4 (O4), which places the RRC, PDCP and RLC at
the CU, and both MAC and PHY layers are moved to the
DU; and

• Option 6 (O6), where only the PHY layer remains at the
DU; this is fostered by the Small Cell Forum [16] for the
DU-RU separation.

Our implementation does not limit the disaggregation into
two entities, namely CU/DU, but it would allow instantiating
the stack layers in a larger number of nodes. For instance, the
current implementation would allow using the CU-DU-RU base
station configuration proposed by the Small Cell Forum, where
Option 2 is used between the CU and DU, and Option 6 sepa-
rates DU and RU.

As can be observed, the proposed scheme adopts splits de-
fined by different initiatives and extends the disaggregation op-
tions that are available for experimentation purposes. Existing
solutions, such as the aforementioned OAI or the recent release
(February 2023) of srsRAN with 5G stack, implement the op-
tions defined by O-RAN, although they are not configurable,
so CU and DU nodes always deploy the same functions. As
we elaborate in Section 5, we plan to tackle the combination of
both approaches in our future research. In the work presented
herewith we focus on the solution design and on its feasibil-
ity analysis. In this sense, we do not compare its performance
with alternative solutions because: (1) it would require modi-
fying such solutions to gather comparable metrics, and this is
left for our future work; (2) some splits do not match, and the
comparison may not thus be fair.

In the following, we first describe the software design that
has been adopted to modify the existing SDR code, and we then
depict the communication flow between the involved modules.

3.1. Software design
This section describes the object-oriented design adopted to

implement all functional splits. As a main design principle, it
aims to be as transparent as possible to the existing code, in
order to ease its adaptation to new releases.

The eNodeB stack of the srsRAN2 is implemented in C++,
where each layer is represented by one class. The communi-
cation between classes is done by means of simple inheritance

2srsRAN project: https://www.srslte.com/

3
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3: Example of the split implementation design applied to PDCP-RLC
option 2).

plement interfaces, as exemplified in Figure 3, where the
nal classes are shown in different shades of green, and the
ules that have been added to the implementation are yel-
sh. The figure also illustrates class inheritance (closed ar-
), aggregation (diamond arrows), and simple association
n arrows).

can be observed, the rlc layer class inherits, in the orig-
implementation, from the rlc interface pdcp interface

as RLC interface for PDCP), defined as an abstract class.
rn, the pdcp class is initialized with a pointer of such in-
ce, to communicate with the rlc instance when needed,
abstracting the actual RLC implementation from how it is
. Similarly, rlc class is initialized with a pointer of the
interface rlc, to communicate with pdcp. The figure

shows an association between pdcp and rlc classes, to
ate that they would eventually interact with each other.
e have followed the Adapter Design Pattern to modify the
action between the protocol stack classes with minimal im-
on the existing code. For each pair of entities that interact
ave added two wrapper classes, which intercept the func-
calls both ways.

can be observed in Figure 3, the new classes,
rlc wrapper and rlc pdcp wrapper, also inherit from

xisting interfaces. Then, the initialization of the layer
es, rlc and pdcp, is modified to pass around pointers to in-
es of the corresponding wrappers, without requiring mod-
ions of the layer classes. In addition, the wrapper classes
lso initialized with interface pointers in both ways, for two
rent behaviors. As can be observed, pdcp rlc wrapper

s a pointer to pdcp interface rlc, which is actually a
ter to pdcp. This way, when the rlc class needs to call the
P implementation, it actually calls pdcp rlc wrapper,
h in turn calls the pdcp class. This first behavior does not
ide any advantage with respect to the original one when
ing locally, but it allows us to intercept the interaction be-
n layers. The wrappers also implement communication
ies, so that intercepted calls can be sent to remote entities,
e will describe in detail in Section 3.2.
e second behavior enabled by the wrappers is to receive
te calls. For that, they are also initialized with pointers
e classes that implement the peer interface. For exam-
n Figure 3, the rlc pdcp wrapper holds pointers to both

rrc

pdcp rlcgtpu mac

phy

(a) Overall class diagram
rrc

rrc_interface_l1

rrc_l1_wrapper

rrc_interface_l2

rrc_l2_wrapper

l1

l1_interface_rrc

l1_interface_l2

l1_rrc_wrapper

l1_l2_wrapper

l2

l2_interface_rrc

l2_interface_l1

l2_rrc_wrapper

l2_l1_wrapper

(b) Detailed interaction between layers

Figure 4: Implementation class diagram. Inheritance is represented with closed
arrows, association with open arrows and solid lines, and general relationships
with open arrows and dotted lines.

pdcp interface rlc and rlc interface pdcp, actually to
the pdcp and rlc instances, respectively. This is also done
for the pdcp rlc wrapper. Hence, when a wrapper receives
a remote call, it is forwarded to the target class. Altogether,
a remote call from rlc to pdcp would comprise the following
steps:

1. First, rlc calls pdcp rlc wrapper, using the
pdcp interface rlc.

2. Then, pdcp rlc wrapper communicates the call to its
peer rlc pdcp wrapper.

3. Finally, rlc pdcp wrapper calls pdcp, using the
pdcp interface rlc interface.

As can be seen, the new behaviors do not require mod-
ifications in the internal layer classes, but only during
their initialization. Following this approach, the setup of
a CU/DU is defined by setting the hosted layers and con-
figuring the corresponding wrappers to operate locally or
remotely. As a consequence, when some specific layers are
not instantiated, depending on the configuration, wrapper
classes would have null pointers to interfaces. For instance,
the CU configuration of the PDCP/RLC functional split
(O2 in Figure 2) would require instantiating the RRC and
PDCP layers, and configuring the rrc pdcp wrapper

and pdcp rrc wrapper to operate locally, while the
other wrappers (pdcp rlc wrapper, rrc rlc wrapper,
rrc mac wrapper, and rrc phy wrapper) would be con-
figured to operate remotely. At the same time, the DU setup
will have a mirror configuration: it will instantiate the RLC,

4
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and PHY layers, using the appropriate wrappers to
unicate them: rlc mac wrapper, mac rlc wrapper,

phy wrapper and phy mac wrapper, operating locally,
he other two remotely.
gure 4 depicts the interaction between the different classes

generic representation of the detailed interaction between
s. For simplicity, we do not include the variable members
e classes. As can be seen in Figure 4a the involved classes
to protocol layers. Besides protocol stack classes, srsRAN
ements a class for GTP-U, which allows user-plane com-
ication between eNodeB and the network Evolved Packet

(EPC). In all cases, there is a relationship between any
and the one that implements the RRC protocol, which can

ther bidirectional or unidirectional. The latter only happens
e case of GTP-U and PHY, where there is only interaction
RRC to the corresponding class. In addition, each entity

e protocol stack interacts with the adjacent layers, follow-
he pattern described above. In Figure 4b we detail the class
am implemented for the interaction between any two ad-
t classes, as well as between them and RRC. In all cases,
col classes hold a reference to the interface of the coun-
rt (for instance l2 holds a pointer to l1 interface l2

mmunicate with l1), which is actually the implementa-
of the wrapper. In spite of this convoluted interaction, the
osed design allows code re-usability due to the common
rn, and it also simplifies the implementation validation3

Split working flow

mentioned before, the implementation follows the
ter Design Pattern by adding intermediate classes in
e of implementing the split functionality. This way, each
a (calling) layer, X, calls a function of a (called) layer Y
sing the defined interface, the wrapper class gets called,
ks the configuration, and decides whether the call is local
mote. When layers X and Y are together, the function call
rwarded to the local instance, using the legacy implemen-
n. Otherwise, the call is sent to the remote wrapper pair.
gure 5 we depict the sequence of calls in case of a remote
guration.

can be observed, the wrapper at the calling side (X-Y
per) intercepts the function call and serializes the infor-

on required to reproduce the input arguments at the other
Then, the serialized data is sent to the peer wrapper. Once
destination, the information is de-serialized and the target

tion of Y is called with the appropriate parameters. Eventu-
in case the function returns a result, the returned informa-
is serialized, and sent back to the calling wrapper, which
s it to the calling class X.
shown in Figure 5, we distinguish different time periods in
wrappers. At the calling side, Ts1 is the time required for
erialization. In the current implementation, we use man-
erialization, copying the memory content of variables to

full class diagram involving all the protocol layers, and their detailed
ctions can be found in the public repository, https://github.com/
-unican/fd-srsran.

Layer X Y-X Wrapper X-Y Wrapper Layer Y

Local Call

Remote CallQ

Local Call

Local Return

Remote Return Q

Local Return

Ts1

Ts2

Ts3

Td1

Td2

Td3

Processing
Queue Delay

Midhaul link/network

Serialize

Remote call

Parse

Parse

Call

Serialize

Figure 5: Call sequence of the implementation and identified delay sources.

a sending buffer. However, there are some cases where these
variables correspond to complex nested structures or classes.
In those cases, we leverage the C++ ProtoBuffer library to sim-
plify the serializing and de-serializing tasks. Ts2 denotes the
time elapsed from the sending of serialized data until the re-
turned value is received. Generally, this second time period in-
cludes fronthaul/midhaul transmission, waiting time to be pro-
cessed, and processing time. In this sense, depending on the
processing scheme, if the function call rate is high, the desti-
nation may require queuing the calls for processing. In addi-
tion, as mentioned before, when the function does not return
any outcome, the calling side does not wait for it. Furthermore,
Ts3 represents the time required for parsing the return value and
sending it back to the calling class.

At the destination, Td1 and Td3 denote the time for parsing
the call and serializing the return value, respectively. Then,
Td2 is the time taken by the original function implementation
to be executed. As can be observed, Ts2 is not only the sum
of all times at the receiver (Td1, Td2 and Td3), but it also con-
tains transmission and potential queuing times. Altogether, the
efficiency of the implementation would be given by the ratio
between Td2 and the total time required for the function call,
so that the more relevant the contribution of Td2 to the overall
time, the less impact caused by the new functionality.

As for the transmission protocol, we have used ZeroMQ [17]
for different reasons. Firstly, it was already included in the im-
plementation for emulating radio communication, so there are
no integration issues. Secondly, ZeroMQ takes care of keeping
the connection between peers alive, and we do not thus need
to take care of how wrappers are instantiated (order). Finally,
it provides a set of parallel remote computation patterns that
facilitate the processing implementation.

In particular, we have adopted the Aysnchronous
Client/Server Pattern, as shown in Figure 6, for multi-
thread support. In this scheme, a set of clients send tasks to a
common remote server in a synchronous manner. In turn, the
server dispatches the tasks among a number of local workers
and sends the response back to the clients. The communication
between clients and server is carried out over TCP connections,
while the server uses inter-thread (inproc) communications to
interact with workers.

We have adapted the defined pattern in order to avoid issues
and to improve the system’s performance. It is important to

5
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that srsRAN is a multi-thread implementation with com-
relationships between threads. In this sense, a function call
instance F1) in a thread could await another function call
in another thread to finish. For instance, let us assume that
different threads of a calling layer call F1 and F2, which

plemented on the calling side. When the first thread calls
e interaction with the remote peer is assigned to one client.
at the called side, the execution of F1 would wait for F2 to
, and the client would also keep awaiting. If the call to F2

signed to the same client both functions would get mutu-
ocked: F1 waits for F2 to finish, and F2 waits for the client
available. To avoid these issues all threads at the sender

are given independent clients. The current implementation
s both the pre-allocation of clients as well as the creation
w ones on the fly. In this sense, the pre-allocation avoids
s caused by TCP connection in the first interaction. On
ther hand, the number of workers on the server side can be
configured. Altogether, the current design allows the in-
ndent and parallel processing of function calls of different
ds in a transparent way.
can be seen, ZeroMQ simplifies the management of par-

queries. Nevertheless, modifications to use midhaul stan-
protocols (such as SCTP) or even new ones not considered
ndards for these networks (i.e., QUIC) would not require
r modifications. As will be mentioned at the end of the
ment, the support for other configurable transport proto-
will be tackled in our future work.

alidation and results

is section presents the validation of the implementation
ribed in the previous section, as well as the analysis of its
rmance. In order to simplify the measurement campaign,
xperiments have been carried out using the ZeroMQ radio
atin provided by srsRAN, which communicates the base
n and the UE, so that we avoid using radio hardware. It is
rtant to remark that this configuration has no effect whatso-

ever on the protocol layers involved in the functional split con-
figurations (from PHY to RRC). First, we will analyze the addi-
tional delays induced by our implementation, to assess whether
they are admissible for the different splits. Then, we will use
the developed architecture to obtain planning insights. In par-
ticular, we will study the computational load of the different
configurations and how it varies for different base station sizes
and traffic loads. This provides a good indicator of the resources
that would be required for the different setups.

In all cases, the results are obtained using two HP ProLiant
ML310e Gen8 v2 servers, equipped with 8 Intel Xeon E3-1241
v3 CPUs (4 cores and 2 threads per core), which work at 3.5
GHz. Both servers communicate through a Qnap QSW-M5216-
1T switch, with Ethernet ports of 25Gbps. By using this high
communication capacity, we ensure that the connecting net-
work does not impact the delay characterization. Besides the
base station, the setup includes the EPC instance and one UE.
When the base station is configured to use functional split (any
option), one server hosts the UE and the DU, while both the
CU and the EPC are deployed at the other. When a functional
split is not considered, the UE runs in one server, and the whole
base station and the EPC are executed at the other one. Finally,
the number of clients and workers (see Figure 6) is at least as
high as the number of threads using them, for all cases. In this
sense, the required number of clients/workers for each split has
been analyzed offline, since the number of threads in each com-
munication varies depending on the entities that are separated.
Hence, before configuring the actual number of client/workers
that were used to obtain the final results, we carried out an ini-
tial measurement.

In general, the measurement process works as follows:

1. Deploy the EPC, UE, CU, and DU nodes/programs at their
corresponding machines.

2. Set the corresponding configurations of all entities by
choosing the functional split, cell size in Physical Re-
source Blocks (PRB), and traffic rate at the UE.

3. Start the EPC, CU, and DU nodes/programs, and wait until
they successfully establish the corresponding connections.

4. Launch the UE node/program and wait until it is success-
fully connected.

5. Start the transmission of user data from the UE node. It
generates TCP traffic, using iperf at a given rate.

6. Measure the performance using the appropriate tool while
the data is being transmitted.

The traffic rates are set according to the cell size. To that
end, we have first characterized the maximum achievable rate
without splitting for different cell sizes. In particular, for 15 and
25 PRB cell sizes, the maximum rate is set to 10 and 50 Mbps,
respectively. Otherwise, we set the maximum rate at 100 Mbps.

4.1. Split options delays

As we mentioned in the previous section, the wrappers per-
form a set of operations to enable remote communication be-
tween protocol layers, which might induce additional delays.
In order to analyze the delay caused by our implementation,
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re 7 shows the statistical distributions of the time intervals
ere illustrated in Figure 5. The results are obtained during
unication that last 60 seconds. The experiment has been

ted for the different configurable splits (O1, O2, O4, and
with a cell of 100 PRBs, sending traffic at the maximum
ible rate, and we have recorded the time periods for each
as traversing every wrapper. Figure 7 shows the distribu-
of such delays using boxplots with logarithmic scale. In all
, we show the delay obtained from all the calls and the one
ned from calls involving only user-plane traffic (PDU and
exchange).
can be observed in Figure 7a the delay induced with the

plit configuration is below 1000 µs in almost all cases. In
ion, the results evince that all intervals (cf. Figure 5) are
st negligible, but Ts2 . This demonstrates that the serial-
n/parsing operations do not cause an additional delay. On
ther hand, since Ts2 includes both the communication and
nal processing delays, as well as the accumulated delay at
eceiver (Td1 , Td2 and Td3 ), the obtained values provide in-
ting information. According to the results, all delays at the
ver are almost negligible, and values observed in Ts2 are
ostly caused by communication and internal processing.

ng into account the high communication bandwidth of the
ectivity setup, and the large number of clients/workers that
re no processing queuing, this delay is therefore due to the

unication/processing design itself, and it is the minimum
ould expect with our setup.
gure 7b shows a different delay behavior with the O2 split.

again Ts2 shows higher delays, reaching 4 ms. However,
an observe that such delay is in this case due to Td2 , which
sponds to the normal call and cannot be thus avoided. Be-
, as we observed in the previous configuration, the delay
ds corresponding to serialization/parsing are again almost
gible.
gure 7c shows that O4 split presents a similar trend to that
rved when discussing the performance of O2. Again, the
relevant delay is Td2 . Finally, the MAC/PHY split in Fig-
d yields results similar to those of RRC/PDCP. The times
ded in Ts2 are very small compared to the values seen for
nd O4 options. Besides, subtracting the value of Td2 from
observed for Ts2 , we could infer the delay induced by our
osed solution, which is, as shown in Figure 7a, mostly due
mmunication and internal processing. Finally, we observe
cases that delay distributions are rather similar to the ones
for user-plane traffic. This is a reasonable behavior, since

the dominating traffic. In addition, it evinces that there are
elay peaks in the control plane.
e conclude the evaluation of the delay induced by our im-
entation with Table 1, where we compare the performance
e proposed architecture with the requirements established
o standardization bodies. To that end, we use the Small
Forum (SCF) Release 7.0 [16, Section 2.8] and 3GPP
nical Report 38001 [14, Annex A]. The former pays spe-
ttention to small cell requirements, and the latter assumes
cro-base station with a channel bandwidth of 100 MHz us-
he highest modulation (256 QAM). In the table we indi-
for each option and specification, whether the obtained
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(a) Delays distribution in O1 - RRC/PDCP split. For each delay, the distribution of overall
and user-plane calls is differentiated.
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(b) Delays distribution in O2 - PDCP/RLC split. For each delay, the distribution of overall
and user-plane calls is differentiated.
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(c) Delays distribution in O4 - RLC/MAC split. For each delay, the distribution of overall
and user-plane calls is differentiated.
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(d) Delays distribution in O6 - MAC/PHY split. For each delay, the distribution of overall
and user-plane calls is differentiated.

Figure 7: Distributions of delays in each execution period. Overall results are
compared with those obtained considering one user-plane traffic.

performance is compliant with the requirements, using as de-
lay the highest value observed in Figure 7. As can be seen, the
proposed implementation in this paper complies, in both cases,
with O1 and O2 requirements. In addition, it also satisfies the
requirements of the Small Cell Forum for O4 and for O6, assum-
ing near-ideal conditions, where O6 split option requires 2 ms.
On the other hand, the requirements defined by the 3GPP for
O4 and O6 would not be satisfied. In any case, the performance
depends on the particular equipment used, and it is likely that
more powerful devices would yield better performances.
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1: Feasibility of the implementation in terms of delay compared with
ements by standardization bodies.

O1 O2 O4 O6

F [16] 30ms ✓ 30ms ✓ 6ms ✓
(ideal) 250µs ✗

(near-ideal) 2ms✓
P [14] 10ms✓ 10ms✓ 100µs ✗ 250µs ✗

Computational load
is section describes the metrics that we use to assess
omputational effort of the proposed implementation, dis-
ng the results in terms of computational load. As was men-
d earlier, our setup consists of two servers, one hosting the
nd DU, while the CU and EPC run at the other one. We

s on the computational requirements of the CU, since it is
ntity that could be deployed in shared environments, where
omputation resources are shared between competing pro-
s. On the other hand, the DU is likely to be deployed

olation, since it needs to be closer to the RU. The results
n hereinafter are obtained by disabling the CPU frequency

ng of the machine, to avoid warm-up periods that can tam-
he results.

measure the computational load of the services running
achine (in this case, the CU implementation), we need to

ider the overall number of instructions executed, which de-
s on the compiler, the Instruction Set Architecture (ISA),
rogram itself when the service is running (i.e., the exe-
low-level instructions), and the time spent carrying out

ask. In particular, we will use the Giga Instructions Per
nd (GIPS) indicator, which is defined as follows:

GIPS =
Icount

Tex
· 10−9 (1)

e Icount is the total number of executed low-level instruc-
, and Tex is the amount of time that the CPU runs the pro-
(in seconds). This information was captured using the
tool4.
e process used to obtain the GIPS consisted of generating
xecutable file (sequence of low-level instructions) of each
e nodes/programs, configuring and connecting them. Af-
ards, we generate TCP traffic with the iperf tool, and we
track (using perf) of the execution time and the number
ecuted instructions (at the CU). This process was repeated
ifferent split options, cell sizes, and empirical cell loads.
gure 8 shows the computational load results (in GIPS) for
econd communications for different configurations, vary-
he size of the base station, the relative load of the base sta-
(from 0 to 100%), and the selected functional split. The
e also shows the results without functional split, which
sets the computational load baseline performance (upper
d). As was expected, the computational load increases as

erf allows access to the performance counters, CPU hardware registers
ount hardware related events such as number of executed instructions,
misses suffered, or branches wrongly predicted. https://perf.wiki.
l.org/
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Figure 8: Results of computational load measured in GIPS varying the cell size
(number of PRBs), empirical cell load (from 0 to 100%), and functional split
for the CU node.

we centralize more functions in all cases. For the RRC/PDCP
split (O1 configuration), the obtained GIPS are nearly constant
when the load varies. These results are consistent because this
option sets only the RRC layer at the CU, and it is only affected
by control traffic. In addition, we can observe that when we in-
crease the base station size, the computational load gets higher,
being more remarkable when all protocol stack layers are im-
plemented at the CU (highest centralization level).

The results also illustrate the strong impact, in terms of com-
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ional load, of the PHY layer. For instance, Figure 8a shows
for a small cell, there is almost no difference between O6
guration and the full centralization alternative (no-split).
e increase the cell size, we observe that the load of the
configurations increases at a much lower pace. This is a
nable behavior, since, below the PHY layer, the SDR im-
entation works with I/Q symbols, whose number heavily
ases with the cell size.
we look at the impact of the traffic load, we observe slightly
rent behaviors between the different split configurations.
n there is no user traffic, the number of GIPS for less cen-
ed alternatives (O1, O2 and O4) is close to zero. On the
hand, the number of GIPS of the O6 configuration has a

ively high value, even without traffic.
aspect that is related to the assessment of the compu-

nal load is how it can be reproduced in (extrapolated to)
rent computing environments [18], for example, when us-
ore powerful machines. To tackle that, we use a synthetic

ic, proposed in [19], which is based on the CPU utilization.
metric defines the computational load of Giga Operations
econd (GOPS), as follows:

R = Ncores ·C · N f lop · µ (2)

e Ncores and N f lop hold for the number of cores and flops
ycle, respectively, C is the nominal frequency of the pro-
r, and µ the processor utilization. For instance, in our case
ave 8 CPUs, at 3.5 GHz, each of them able to execute 32
per cycle. Hence, at full utilization (µ = 1) the computa-
l load would be: R = 8 × 3.5 × 32 = 896 GOPS.
e GOPS metric can facilitate comparisons with respect to
computing environments because it has less dependency

e particular software, since the only term that measures the
vior of the running process is given by processor utiliza-
(µ). On the contrary, GIPS depends on the C++ compiler
oyed, as the building of the executable file produces a se-
ce of low-level instructions that the processor will execute
rding to the fetch-decode-execute cycle.
te that, although the two metrics (GIPS and GOPS) aim to
lish the computational load of the running service (pro-
), there is not a clear and straight relationship between
. We thus expect similar behavior in the corresponding
ts, but we would not be able to establish an equivalence of
eration to a number of instructions.
this case (GOPS), the measurements are carried out by

itoring the temporal evolution of the CPU usage with the
ool5. In particular, we take CPU usage samples every 100
uring 60-second experiments.
gure 9 shows the GOPS distribution for the different split
gurations, varying both base station sizes and their relative
from 0 to 100%. We also include the values obtained
no functional split is used. Overall, we can observe a

ral increasing trend as we centralize more functionalities,
ing from 500 to 1000 GOPS in the O1 split and from 100
00 GOPS without split.

p-tool: https://man7.org/linux/man-pages/man1/top.1.html
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Figure 9: CPU usage at the CU for different split configuration. For each splits,
CPU usage distribution is depicted for different cell sizes (number of PRBs)
and different empirical cell load: {0, 20, 40, 60, 80, 100}%.

If we focus on the RRC/PDCP split (O1), Figure 9a evinces
that the cell size, defined by the number of PRBs, has almost no
impact from 25 PRBs onwards. On the other hand, the impact
of the cell load shows a clear relationship with the cell size.
As can be observed, with a cell up to 50 PRBs, the cell load
saturates around 60% of its relative load. However, its impact
is more relevant (saturation at 40%) for cell sizes of 75 and 100
PRBs.

For the rest of the configurations, we can observe that the cell
size has little impact beyond 50 PRBs. On the other hand, the
dependency of the cell load is different for each split configu-
ration. In this sense, the results obtained with RLC/PDCP and
RLC/MAC splits, see Figures 9b and 9c, respectively, show a
strong correlation with the cell load for all PRB values. As can

9



Journal Pre-proof

be ob
load)
size,
like
in Fi
any u

5. C

In
of ce
four
the s
purp
mits
(PDC
tion
adop

Fi
class
the c
Patte
the l
tocol
is alm
requ
Henc
to ne
as 5G

W
pose
First
over
the d
all th
by th
O2 c

W
metr
loads
the e
dent
sure
that
show
the im
setup

Th
avail
belie
aged
tenti
comp
aggr
over
ment
 Jo

ur
na

l P
re

-p
ro

of

served, when no user traffic is sent (first value of the cell
the CPU usage remains rather low, regardless of the cell
while it rapidly increases as we start sending traffic. Un-

the MAC/PHY split and the no-split configuration shown
gures 9d and 9e, CPU usage is not negligible, even without
ser traffic.

onclusions

this paper we describe and evaluate an implementation
llular base stations that allows the configuration of up to
functional splits. The implementation, which is based on
rsRAN open-source project, is meant for experimentation
oses. In particular, the work described in this paper per-
configuring functional split options O1 (RRC/PDCP), O2
P/RLC), O4 (RLC/MAC) and O6 (MAC/PHY), while op-

O8 (PHY/RF) is intrinsically included by design in the SDR
ted solution.
rst, we have described the software design, by depicting
diagrams of the corresponding code, both before and after

hanges that we made. We have adopted the Adapter Design
rn, where intermediate pieces of software are included in
egacy code to intercept the communication between pro-

layers. In this sense, the impact over the existing code
ost non-existing, and the proposed architecture does not

ire modifications on the classes that implement the stack.
e, it would simplify the adoption of this software design
w releases of the SDR solution or new technologies, such
.

e have afterwards analyzed the performance of the pro-
d architecture in two different and complementary ways.
, we have studied the delay induced by our implementation
different configurations. The results evince that it respects
elay constraints established by the Small Cell Forum for
e possible splits, while the stricter requirements defined
e 3GPP for macro-cells are only fulfilled for the O1 and

onfigurations.
e also study the computational load, using GIPS and GOPS
ics, for different split configurations, cell sizes, and traffic
. GOPS is a synthetic metric that can be used to compare
ffort in other computing environments, as it is less depen-
on the software used. In contrast, GIPS allows us to mea-
the computational load by counting low-level instructions
are executed in an elapsed time. As expected, the results

a growing effort as we centralize more functions, while
pact of the other parameters strongly depends on the split

.
e implementation described in this paper has been made
able to the research community in a public repository. We
ve that the solution described in the paper can be lever-
by the research community in different ways. One po-

al application would be to characterize the requirements of
utation and communication capabilities for deploying dis-

egated RAN, and how different scenarios would impact the
all RAN performance. In addition, we conceive the imple-
ation as a sandbox that can be exploited to develop coop-

erative solutions over the different RAN elements, according to
the selected splits.

In addition, we plan to extend the functionalities of the im-
plementation described in this paper in two directions, which
would broaden the applicability of the solution. First, we will
analyze the feasibility of using the same design pattern to the
recently released 5G implementation of srsRAN, which already
features the O2 split, according to the O-RAN architecture. The
solution presented in this paper would thus allow experimen-
tation, both in the RAN side and network segments involved,
beyond the O-RAN. As part of these extensions, we will in-
clude other communication protocols, instead of ZeroMQ, to
communicate the DU and CU, such as SCTP or even QUIC for
experimentation purposes. In addition, we will extend our im-
plementation to support novel architectures where several DUs
can be attached to the same CU.
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and L. Wosinska, “A flexible 5g ran architecture with dynamic baseband
split distribution and configurable optical transport,” in 2017 19th Inter-
national Conference on Transparent Optical Networks (ICTON), 2017.
C.-Y. Chang, N. Nikaein, R. Knopp, T. Spyropoulos, and S. S. Kumar,
“Flexcran: A flexible functional split framework over ethernet fronthaul
in cloud-ran,” in 2017 IEEE International Conference on Communica-
tions (ICC), 2017.
Y. Li, J. Martensson, B. Skubic, Y. Zhao, J. Zhang, L. Wosinska, and
P. Monti, “Flexible ran: Combining dynamic baseband split selection and
reconfigurable optical transport to optimize ran performance,” IEEE Net-
work, vol. 34, no. 4, pp. 180–187, 2020.
S. K. Singh, R. Singh, and B. Kumbhani, “The evolution of radio access
network towards open-ran: Challenges and opportunities,” in 2020 IEEE
Wireless Communications and Networking Conference Workshops (WC-
NCW), 2020, pp. 1–6.
T. D. Tran, K.-K. Nguyen, and M. Cheriet, “Joint route selection and
content caching in o-ran architecture,” in 2022 IEEE Wireless Communi-
cations and Networking Conference (WCNC), 2022, pp. 2250–2255.
3rd Generation Partnership Project (3GPP), “Study on new radio access
technology: Radio access architecture and interfaces,” 2017.
O-RAn Working Group 1 (Use Cases and Overall Architecture), “O-RAN
Architecture Description,” 2023.
Small Cell Forum), “S-RU and S-DU Test Support,” 2021. [On-
line]. Available: https://scf.io/en/documents/228 S-RU and S-DU Test
Support.php
P. Hintjens. (2011) 0mq - the guide. [Online]. Available: http:
//zguide.zeromq.org/page:all
J. Vitek and T. Kalibera, “R-3 - repeatability, reproducibility and rigor,”
ACM SIGPLAN NOTICES, vol. 47, no. 4, S, pp. 30–36, APR 2012.
J. K. Chaudhary, A. Kumar, J. Bartelt, and G. Fettweis, “C-ran employing
xran functional split: Complexity analysis for 5g nr remote radio unit,” in
2019 European Conference on Networks and Communications (EuCNC),
2019, pp. 580–585.

11



Journal Pre-proof

Author Biog
Jo
ur

na
l P

re
-p

ro
of

Biographies 

 
Cristian C. Erazo-Agredo was born in Colombia, in 1990. He received the 
degree in systems engineering from the Universidad del Cauca, Popayán, in 
2017, and the M.Sc. degree from the Center for Research and Advanced 
Studies, National Polytechnic Institute of Mexico, where he is currently 
pursuing the Ph.D. degree in engineering and computational technologies. 
His research interests include computational intelligence, multiobjective 
optimization, and network virtualization. 
 
Luis Diez received the M.Sc. and Ph.D. degrees from the University of 
Cantabria in 2013 and 2018, respectively, where he is currently an Assistant 
Professor with the Communications Engineering Department. He has been 
involved in different international and industrial research projects. As for 
teaching, he has supervised 15 B.Sc. and M.Sc. thesis, and he teaches in 
courses related to cellular networks, network dimensioning, and service 
management. His research focuses on future network architectures, 
resource management in wireless heterogeneous networks, and IoT 
solutions and services. He has published more than 40 scientific and 
technical papers in those areas. He has served as TPC member and 
reviewer in a number of international conferences and journals. 
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