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Abstract

Open-source software and commercial off-the-shelf hardware are finally paving their way
into the 5G world, resulting in a proliferation of experimental 5G testbeds. Surprisingly,
very few studies have been published on the comparative analysis of testbeds with different
hardware and software elements.

This dissertation is a comprehensive study on the implementation of experimental 5G
testbeds and the challenges associated with them. We first introduce a precise nomencla-
ture to characterize a 5G-standalone single-cell testbed based on its constituent elements
and main configuration parameters. We then build 36 distinct such testbeds and systemati-
cally analyze and compare their performance with an emphasis on element interoperability,
as well as the number and type of User Equipment (UE), to address the following ques-
tions: 1) How is the performance (in terms of bit rate and latency) impacted by different
elements? 2) How does the number of UEs affect these results? 3) What is the impact of
the user(s)’ location(s) on the performance? 4) What is the impact of the UE type on these
results? 5) How far does each testbed provide coverage? 6) What is the impact of the avail-
able computational resources on the performance of each open-source software? Finally,
to illustrate the practical applications of such open experimental testbeds, we present a
case study focused on user scheduling. Historically, most research on user scheduling has
been conducted using simulations, with a strong emphasis on downlink scheduling. In
contrast, our study is fully experimental, and targets enhancements to the uplink sched-
uler within the open-source Radio Access Network platform, srsRAN. We aim to move
beyond simulation-based evaluations and explore how improvements in the uplink sched-
uler translate to real-world performance, specifically by measuring their impact on the user
experience in a live experimental testbed.
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Chapter 1

Introduction

This thesis is on the implementation, and performance analysis of 36 open experimental
testbeds for the Fifth Generation (5G) of cellular networks, with a focus on interoperability
and multi-user scenarios. We only consider the standalone mode of 5G (5G-SA). We pro-
pose a clear and consistent methodology, to describe, analyze, and compare these testbeds.
Additionally, as a demonstration of the practicality and flexibility of such experimental
testbeds, we focus on the user scheduling mechanism on the Uplink (UL) direction, for one
of the testbeds, providing detailed insights into its performance.

Figure 1.1: Typical cellular network architecture
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The main elements of a cellular network, as illustrated in Fig. 1.1, include the Radio
Access Network (RAN), the 5G Core Network (5GC), and the User Equipment (UE)
devices. UE devices can vary in type (mobile devices, sensors, wearable devices, etc.), but
they all have one similarity: they seek connections to the cellular network through their
SIM card.

The RAN consists of at least one Base Station (BS). It connects UE devices to the
core network through the wireless medium. Depending on the network generation, the BS
is referred to by different names. In Long Term Evolution (LTE) networks, it is called
evolved Node B (eNodeB), and in 5G networks, it is known as Next-Generation NodeB
(gNB).

Finally, the core network is responsible for processing data and providing services to
UEs, including connectivity to external networks such as the Internet. It ensures that all
connection requirements are met, tracks subscriber usage for billing purposes, and manages
overall network operations.

1.1 The Movement Towards Openness

Prior to the 5G era, Mobile Network Operators (MNOs) were struggling with the limi-
tations of traditional single-vendor cellular network infrastructure. Nearly all hardware
and software products available were proprietary black-box solutions, meaning that once
an MNO opted for a specific vendor, they had very little flexibility. This vendor lock-in
came with a lot of challenges, including, higher costs, and lack of competition, all of which
slowed advancements in the industry.

Recognizing the need for faster advancements in cellular networks, 3GPP made a bold
shift in its approach to standard design. With the release of the first technical reports
for 5G standards in 2018, a new paradigm was introduced. Openness and disaggregation
became two of the core principles of 5G networks. Both the RAN, and the core network
went through significant architectural transformations. The traditional monolithic RAN
was replaced by an OpenRAN, a modular architecture where each component is connected
through well-defined, open interfaces. As a result, the industry experienced a surge of
innovations and activities.

This drastic change was not only crucial for the telecom industry, but it also helped the
academic community become more relevant by building full-fledged networks, instead of
solely relying on simulated studies. The shift towards openness brought about a plethora of
activities to build open-source software and white-box hardware, empowering researchers
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to implement their experimental testbeds to evaluate their algorithms, rather than relying
on simulations.

The migration from LTE to 5G is not straightforward, as both the RAN and core have
been significantly changed. Indeed, all LTE base stations and most of the core network
should be replaced for a cellular network to be full-fledged 5G. Consequently, MNOs have
opted to transition to 5G in two phases, first from LTE to 5G-Non Standalone (5G-NSA)
and then from 5G-NSA to 5G-SA. As illustrated in Fig. 1.2, in 5G-NSA, the core and
control plane are LTE-based, while the user plane follows 5G standards. This enables
MNOs to integrate 5G base stations into their existing LTE network to handle the data
plane and gradually transition their networks to a complete 5G-SA setup. In this thesis
we are only focused on the standalone mode of 5G cellular networks, where both the data
and control planes are 5G.

Figure 1.2: 5G-NSA vs. 5G-SA architecture

Over the past couple of years, several open-source software, and Commercial Off-the-
Shelf (COST) hardware elements have been released for 5G-SA cellular networks. Although
some performance studies have been conducted, there is still a significant gap in evaluating
the performance of these open solutions on operational 5G-SA testbeds. More importantly,
the topic of interoperability remains overlooked. Most of the testbeds evaluated in the lit-
erature so far, utilize elements from only a single vendor (“single-source” testbeds), or from
few vendors (“multi-source” testbeds), typically those known to be compatible. However,
interoperability should be inherent across all components. Therefore, although open-source
software solutions and white-box hardware are expected to follow 3GPP standards, there
is a need for studies on the element interoperability, considering different combinations of
hardware and software for each element from various vendors.

Moreover, one of the key factors affecting the performance experienced by the UEs is
their environment, including their location. The study of performance in experimental
testbeds gets even more complicated, in the presence of multiple UEs. These aspects have
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not been explored in the literature. The few studies that focus on experimental 5G often
aim to create ideal conditions for the UE (e.g., close proximity to the RAN).

This dissertation is a study on the implementation of 5G-SA multi-source testbeds
and the challenges associated with them. It proposes a clear methodology to make the
study of these testbeds consistent and repeatable. It provides comprehensive insights into
the performance achieved by UEs in various scenarios, including multiple locations and
single/multi-UE setups. Additionally, to showcase the practicality of 5G-SA testbeds, we
have focused on the user scheduling algorithm in the UL, as one of the most important
resource management processes in any cellular networks.

To explain our contributions, and to provide some structure and consistency in the
way we describe and build testbeds, we first present the necessary context. Therefore, a
precise nomenclature to characterize a 5G-SA testbed is provided next. This is followed by
an overview of the architecture of a typical 5G-SA testbed. Finally, we outline the main
research questions, contributions, and the structure of the thesis.

1.2 System Model & Nomenclature

We define a single-cell, 5G-SA experimental testbed containing nUEs, by the set T of its
software and hardware elements (please see (1.1)) and a set C containing the configuration
parameters (please see (1.2)).

T = {S5GC , H5GC , SRAN , HRAN , (SUE1 , HUE1), . . . , (SUEn , HUEn)} (1.1)

C = {b, B, T} (1.2)

Where:

• S5GC (resp. SRAN and SUEi
) is the collection of software sub-elements for 5GC

(resp. RAN and the i-th UE), and H5GC (resp. HRAN and HUEi
) is the collection of

hardware sub-elements for 5GC (resp. RAN and the i-th UE).

• b is the band central frequency used by the system, B is the bandwidth, and T is
the transmission mode between the gNB, and the UE (wired or wireless). Kindly
note that, the value of b has a one to one mapping to the duplexing mode, i.e.,
Time-Division Duplexing (TDD) or Frequency-Division Duplexing (FDD).
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Figure 1.3: Single-cell 5G-SA Testbed Design

Fig. 1.3 shows the different elements of a 5G-SA testbed. Each element, i.e., the
5GC, RAN, and UE(s), can be decomposed into hardware and software sub-elements.
The key software sub-element of the RAN includes the open-source platform that runs
the 5G protocol stack. The hardware sub-elements consist of a Software-Defined Radio
(SDR) device equipped with an antenna system. The SDR is a critical part of the RAN,
as it hosts as the Radio Frequency (RF) front-end. It is connected to a computer that
executes a software platform that handles the remaining of the 5G protocol stack on the
RAN. Recently, there has been an increase in the number of available COST SDR devices.
Currently, the three major SDR vendors are: Ettus Research [4], Lime Microsystems [9],
and Nuand [11]. As illustrated in Fig. 1.3, the SDR gets connected to the computer hosting
the SRAN through a wired connection. It exchanges radio samples with the RAN software
platform using a driver installed on the host computer.

In the past couple of years, several open-source software platforms have been proposed
for the 5GC, the RAN and the UE. The two predominant open-source RAN solutions for
running the 5G protocol stack (except for the RF), are from srsRAN [20] and OpenAirIn-
terface (OAI) [15]. They are the most widely used and trusted platforms available for the
software part of the RAN. Moreover, 5GC solutions developed by OAI [15], Open5GS [16]
and free5GC [6], have gained significant popularity among researchers. Each of these solu-
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tions supports different sets of 5GC Network Functions (NFs). However, they all contain
the essential NFs required to implement an End-to-end (E2E) experimental testbed with
basic functionality. These necessary NFs are: Access and Mobility Management Function
(AMF), Session Management Function (SMF), User Plane Function (UPF), Unified Data
Management (UDM), Unified Data Repository (UDR), Authentication Server Function
(AUSF), and NF Repository Function (NRF), ensuring UE registration, authentication,
Packet Data Unit (PDU) session establishment and management, and Non Access Stratum
(NAS) security.

Lastly, on the UE front, there are a few possible options. The most obvious one is to
use a smart phone. Another option is to use a computer to host some of the 5G protocol
stack on the UE-side. First, a computer gets connected to a 5G modem that acts both
as an RF front-end and as a host for the lower layer protocols (up to Layer 3). Another
computer-based UE option is to use an SDR as an RF front-end while the computer hosts
SUE (both srsRAN and OAI offer UE-based software platforms). So far, 5G modems have
proven to be more convenient to work as UEs, than 5G-SA phones.

For completeness, we note that another sub-element of the UE is the SIM card. The
use of a programmable SIM card enables the modification of authentication information
on the UEs, based on the 5GC’s authentication requirements.

Table 1.1 provides several available options for each of the elements of a 5G-SA testbed.
The highlighted elements/sub-elements are those analyzed in this thesis (please note that
an in-depth description of these elements is presented in Chapter 3).

1.3 Research Questions and Contributions

This thesis is dedicated to 5G-SA testbeds and their constituent elements. In this thesis,
we consider and build 36 distinct testbeds, varying in the software/hardware elements of
the 5GC, RAN, as well as the number and type of connected UEs. Prior work on 5G-
SA open testbeds focus on studying the performance of single-UE scenarios in terms of
bit rate and latency, with occasional consideration given to coverage. Very few address
interoperability, and to the best of our knowledge, none addresses multi-UE scenarios.

The few work in this domain try to understand and optimize the best performance
achieved by a single-UE using experimental 5G-SA testbeds. The study of a single-UE
scenario is crucial as it helps verify the capacity, and maximum achievable performance of
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Table 1.1: Open Software and Hardware Available for 5G-SA

Open5GS
Open-source 5G core network based on 3GPP Rel.17.
Supporting both 5G standalone and non-standalone modes.

Free5GC Open-source 5G core network based on 3GPP Rel.15.5GC
OAI-5GCore Open-source 5G core network based on 3GPP Rel.16.

srsRAN-Project Open-source 5G RAN.
srsRAN-4G Open-source LTE/5G RAN, provides a monolithic gNB.

RAN
(Software)

OAI-RAN Open-source 5G RAN.
USRP B210

USRP
USRP X410

SDR platforms developed by Ettus Research.

BladeRF SDR platforms developed by Nuand.
RAN

(Hardware)
LimeSDR SDR platforms developed by Lime Microsystems.

COTS Phone
e.g., Google Pixel 5, 6 , 6a, 7, Huawei P40, OnePlus Nord,
OnePlus 10

COTS Modem Quectel 5G modems, Sierra 5G modems
UE

SDR-Based UE
Software-based UEs with SDRs as their RF front-end.
e.g., srsRAN-UE, OAI-UE

a single UE. The study on multi-UE scenarios is overlooked in the literature. Moreover, no
prior work considers performance scenarios beyond the best achievable rates or the lowest
achievable latency, which raises a critical question: If a specific software or hardware
element is selected based on its best performance, can it guarantee to remain the best
choice under different conditions? For example, if a RAN software is chosen for its superior
performance with a single-UE in good channel conditions, will it still be the best choice
when multiple UEs are connected, including some that are far from the gNB?

This work aims to fully explore the capabilities of these experimental platforms and
assess the interoperability of components developed by different sources. Specifically, in
Chapter 3, we:

• Report on challenges faced and the lessons learned during the implementation process
of several “single-source”, and “multi-source” single-cell 5G-SA testbeds.

• Studied open-source 5G software interoperability. While every open-source software
project should inherently be designed to facilitate interoperability, there remains a
need to verify if interoperability is possible, easy and whether multi-source testbeds
perform well.

• Provided a comparative analysis of two 5GC open-source software platforms, namely,
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Open5GS and OAI5GC for two different open-source RAN software, and two con-
figuration sets.

• Built and studied 36 single-cell 5G-SA testbeds, each differing by the combination
of RAN elements (software and SDR) and number and types of UE(s) being used.
We evaluated these testbeds from an interoperability perspective as well as from
a performance standpoint, using well-defined qualitative and quantitative metrics,
including data rate, latency, and coverage.

• Explored the multi-UE case for different locations systematically.

• Evaluated the computational resource consumption of each the RAN software plat-
form as the number of connected UEs increases, by changing the PC on which the
software platforms are hosted.

Next, to demonstrate the practical applications of open-source 5G-SA testbeds, we
focus on “user scheduling” as a case study. The purpose of user scheduling in cellular
networks is to allocate the radio resources to users in an efficient and fair manner, in both
UL and Downlink (DL) directions [65]. This is a process that must be performed very
quickly, since it is called many times within a frame.

To perform scheduling, information such as the transmitter’s power budget, the Channel
State Information (CSI), and details about the configuration of the gNB is required. User
scheduling in the UL differs from that in the DL. In the DL, gNB is the only transmitter,
and only its power budget needs to be considered. In the UL though, many UEs might
send data in a time slot, which makes UL user scheduling more challenging.

To date, almost all of the research on user scheduling has been evaluated through
simulations, with majority of studies focusing on DL scheduling. In contrast, our use
case targets enhancing the UL scheduler implemented in the open-source RAN software
platform, srsRAN.

Our goal was to improve the resource allocation process to enhance the achievable data
rate of the users. We argue that UEs are not greedy in terms of number of Physical
Resource Blocks (PRBs), i.e., the gNB should not allocate a single UE the maximum
number of PRBs in a time slot. Indeed, in distant locations they benefit more from being
allocated fewer resource blocks. So that the per-PRB power is higher. We successfully
validated this on a single-UE 5G-SA testbed using srsRAN. However, as discussed later in
Chapter 4, due to unexpected behavior of the testbed, we were only able to validate our
approach in single-UE scenarios, and the validation for multi-UE scenarios could not be
completed. The list of contributions for Chapter 4 is as follows:

8



• Studied and explained srsRAN’s scheduler (its open-source nature is not a guarantee
that the software is written in a well annotated way. In fact, we needed to identify
multiple interconnected files affecting its performance, which made it more of a “grey
box” for us).

• Code modification to enable the scheduler to allocate different numbers of PRBs to
different UEs.

• An experimental validation of our claim, “the UL scheduler should not allocate too
many PRBs to a UE.”

• An attempt at conducting experiment with a different scheduler on multi-UE, which
failed because srsRAN yielded inconsistent SINR values.

1.4 Thesis Outline

This thesis is structured as follows: Chapter 2 presents an in-depth study of the related
works on 5G-SA testbeds, their implementation and performance studies. Next, Chapter 3
reviews the components and implementation of a 5G-SA testbed, detailing the challenges
faced. It assesses the interoperability of various open-source 5GC and RAN software and
compares different 5GC, RAN solutions, and SDR options. The chapter also evaluates how
these choices affect testbed performance in multi-UE scenarios and different UE locations,
referencing our publications [37, 38, 39, 40]. In Chapter 4, we delve into the RAN uplink
scheduler, focusing on its implementation in the Medium Access Control (MAC) layer of
srsRAN project. We analyze the existing scheduler, we proposed a more efficient approach
to PRB allocation, and validated it partially. Finally, Chapter 5 concludes this thesis.

9



Chapter 2

Background & Literature Review

This chapter begins with a brief history of the evolution of the RAN, and core networks
in different generations of cellular networks. This explains how the current RAN/5GC
architectures were shaped. Next, we provide a comprehensive overview of the existing
literature related to experimental 5G testbeds. While there are a number of publications
on this subject, this chapter deliberately narrows its focus to papers featuring full-fledged
experimental testbeds equipped with all essential elements for an operational functionality
mode, rather than relying on simulations. Specifically, a full-fledged testbed is defined as
one where the interface between the UE and the RAN is wireless, and includes all the
necessary software and hardware elements required for the UE to establish a connection
to the Internet.

2.1 The RAN Evolution

2.1.1 D-RAN

A traditional base station, as shown in Figure 2.1, was typically divided into two main
components: the Remote Radio Unit (RRU) or Remote Radio Head (RRH), responsible
for the RF front-end; and the Base Band Unit (BBU), which manages the digital signal
processing, such as OFDM modulation, and connects to the core network through the
backhaul. This setup is known as a Distributed Radio Access Network (D-RAN). In this
setting, almost all of the hardware and software are proprietary and sourced from a single
vendor.
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In this configuration, the BBU was installed in a very close proximity to the antenna,
requiring a shelter with air conditioning and power supply to house the equipment, which
adds complexity and increases the cost of operating the cells. Moreover, the one-to-one
RRU/BBU pairing was very inefficient, as the BBUs were frequently under-utilized, wasting
resources.

Figure 2.1: Simplified D-RAN architecture

2.1.2 C-RAN

With the increase in network data traffic in the early 2000s, more network development
and more base station installation were needed to meet the UEs’ new requirements. With
such a rapid network deployment, energy concerns were raised. For instance, China’s
mobile power consumption was doubled as the number of base stations grew from 200,000
to 500,000 from 2005 to 2010 [50].

With the advent of virtualization and cloud networking, to better utilize the resources,
BBUs were migrated to a new location called the Central Office (CO) to create a shareable
baseband pool. This new design of the access network was called Centralized Radio Access
Network (C-RAN). Figure 2.2 illustrates a C-RAN design, where the base stations are split
into the RRUs, still located in the cell site and the BBUs, now located in a remote location.
This split brought multiple advantages like better utilization of the BBU processing power,
energy efficiency, and eliminating the need for leasing a cabinet space near every cell tower
[55].

2.1.3 x-RAN

Moving on to 5G networks, MNOs recognized the need for virtualized, cloud-based RAN
architectures that offer greater flexibility in selecting vendors and improved visibility into
their network operations. In 2016, the extensible Radio Access Network (x-RAN) forum
was founded by operators like AT&T, Verizon, Deutsche Telekom, KDDI, NTT Docomo,
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Figure 2.2: Simplified C-RAN architecture

SK Telecom, and Telstra to standardize key elements of the RAN and develop new speci-
fications.

The x-RAN forum’s primary focuse was set to “achieving interoperability in the fron-
thaul interface” (i.e., the interface connecting the RRUs and BBUs). Hence, enabling ele-
ments from different vendors to work properly together. In early 2018, the x-RAN forum
released their first specification [25], dedicated to the fronthaul interface. This specifica-
tion was a significant milestone as it marked the first attempt to introduce interoperability
among different suppliers in the cellular network industry. Within a few months after this
release, the x-RAN forum merged with the C-RAN alliance to form the Open-Radio Access
Network (O-RAN) alliance.

2.1.4 Open RAN

With the release of the new series of standards on 5G cellular networks by 3GPP in early
2018 [29], openness and disaggregation became the core principles of the next generation
of RANs, commonly referred to as Open RANs. Previously, MNOs were bound to a
single vendor, with no opportunity to incorporate solutions from other providers, as their
infrastructure relied on black-box, proprietary software and hardware accessible only to
the original vendor.

The advent of Open RANs—a disaggregated architecture composed of vendor-neutral
components connected by open, standardized interfaces—marked a major shift in cellular
networks. By this new approach, 3GPP aimed for more agile, flexible, and cost-efficient
RAN architectures. The main elements of an Open RAN (Fig. 2.3), as defined by 3GPP
are:

• Distributed Unit (DU): The DU handles lower-layer processing and real-time
tasks closer to the radio interface.
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• Central Unit (CU): The CU is responsible for managing the high-layer processing
functions of the RAN.

Figure 2.3: Simplified 3GPP Open RAN architecture

2.1.5 Open RAN vs. O-RAN

Before moving on to the rest of this chapter’s material, a clarification should be made on
the different terms that we use in this document.

First, Open RAN is a technology movement or paradigm. When we talk about Open
RAN we are talking about the new direction that the next-generation of RAN is taking.
The direction of disaggregation and openness.

On the other hand, the term O-RAN refers to an operator-initiated alliance [12]. As
mentioned earlier, in August 2018, the x-RAN forum and C-RAN alliance merged to estab-
lish the O-RAN alliance with AT&T, China Mobile, Deutsche Telekom, NTT DOCOMO,
and Orange as the founding members. The primary goal of this alliance is to establish a
modular architecture with open interfaces that realize the Open RAN paradigm, promoting
more intelligent, open, virtualized, and interoperable radio access networks. Although, at
the time of this writing, this alliance is the primary contributor to the Open RAN move-
ment, this thesis focuses on the RAN architecture defined by 3GPP, rather than the one
defined by the O-RAN alliance.

2.1.6 5G New Radio Protocol Stack

Communication between the UE and any element of a cellular network is governed by a set
of protocols at all times. These protocols, defined by 3GPP, determine how to establish,
manage, and terminate message exchanges between network elements. In 5G networks,
these protocols are organized into a layered stack. Depending on the type of data being
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Figure 2.4: 5G NR Protocol Stack

exchanged—whether control signals or user data—different categories of the protocol stack
are utilized, as illustrated in Fig. 2.4.

• Physical Layer (PHY): in charge of modulation and coding, and transmitting/receving
the data over the air interface.

• MAC: in charge of multiplexing/demultiplexing data units into transport blocks,
error correction, and scheduling the of the UEs.

• Radio Link Control (RLC): in charge of segmentation, flow control, and data
correction.

• Packet Data Convergence Protocol (PDCP): in charge of in-sequence delivery
of data units, security, duplicate detection, and time-based discarding of data units.

• Radio Resource Control (RRC): in charge of broadcasting system information,
establishing and maintaining the RRC connections, mobility functions, and UE mea-
surement reports.

• Non Access Stratum (NAS): in charge of UEs’ connection management, data
session management, and UEs’ authentication and authorization.
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• Service Data Adaptation Protocol (SDAP): SDAP, which is a new protocol to
5G, is in charge of managing the Quality of Service (QoS) in the user plane.

Figure 2.5: 3GPP functional split of the 5G protocol stack

5G Functional Splits

Traditionally, the entire protocol stack on the RAN side was located in a monolithic base
station. However, 3GPP Release 15 initiated the disaggregation of the base station into the
two elements introduced earlier, i.e., the Distributed Unit (DU): which manages the RF,
PHY, MAC, and RLC layers; and 3) the Central Unit (O-CU), which hosts the remaining
layers of the protocol stack. Figure 2.5 illustrates the functional split approved by 3GPP
for the RAN [29].

2.2 The Core Evolution

The 5G core network was also specified in 3GPP Release 15, and introduced an innovative
Service-Based Architecture (SBA) model [28]. Its cloud-native architecture promotes a high

15



decoupling of NFs. Unlike the 4G core network (EPC), which consists of four primary NFs,
the 5GC architecture, shown in Fig 2.6, includes many NFs. These NFs offer a variety of
services, from the Network Slice Selection Function (NSSF) to analytics via the Network
Data Analytics Function (NWDAF). The main NFs in charge of communication with
the RAN will be the AMF, Session Management Function (SMF), and the UPF, directly
involved with the NAS and Next Generation Application Protocol (NGAP) protocols.

Figure 2.6: 5G system architecture

The AMF is responsible for managing all signaling not related to the user data, such as
mobility and security, and serves as one of the endpoints for Control Plane (CP) commu-
nications. The SMF handles control signaling related to user data traffic, such as session
establishment. User data is sent to the RAN via the wireless link, and from the RAN to the
AMF through the N2 interface. The SMF which is not directly connect to the RAN, gets
the necessary messages from the AMF. The UPF, manages user data, directly connecting
to the RAN using GPRS Tunneling Protocol (GTP)-U, a tunneling protocol for the User
Plane (UP) traffic. The UPF establishes GTP tunnels for each UE, processes user data
traffic, shapes network traffic, and collects performance measurements [69].
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2.3 Literature Review

Now that we have seen how the system has evolved over time and the reasons behind the
introduction of new elements, we can explore the literature in more detail. We first review
papers that have focused on a single full-fledged 5G-SA testbed and then those that dealt
with comparisons of full-fledged testbeds.

2.3.1 Targeted Studies on the performance of a single testbed

In [48], Haakegaard et al. focus on a 5G-SA testbed, operating in TDD mode, employing
Open5GS and srsRAN as the software platform of RAN, and 5GC, respectively. This
study compares the theoretical and achieved performance of the testbed in terms of UL &
DL bit rates, latency, and coverage. Additionally, the authors study the effect of several
radio parameters, such as the number of SDR antennas, the bandwidth, and the TDD
frame structure, on the performance of the testbed.

In [42], Bozis et al. present their 5G-SA testbed, operating in TDD mode over band n78
which features the 5GC, RAN, and UE solutions from the OAI project. In this testbed,
two Universal Software Radio Peripheral (USRP) N310 devices are utilized as the SDR-
based UE and the RAN. The RAN and UE are connected through RF cables instead of
a wireles connection, over-the-air. This study reports the latency and DL/UL throughput
of a single-UE for two bandwidth scenarios.

In the evaluation done by Chepkoech et al. [45], the performance of six testbeds op-
erating in LTE, 5G-NSA, and 5G-SA modes are studied with a focus on metrics such as
throughput, latency, and signal strength. Notably, the only testbed operating in 5G-SA
mode is implemented using srsRAN 4G, and Open5GS, and over band n7, which is an
FDD 5G-NR band.

Sahbafard et al. provide a comprehensive assessment of a 5G-SA testbed, operating
on TDD mode and utilizing OAI for both the RAN and the 5GC platforms in [66]. This
testbed, uses a Quectel 5G modem as the UE. The authors compare the modem’s achieved
performance while using USRP B210 or N310 as the SDR of choice. They also conduct
an analysis of the signal strength, in both single-user and multi-user scenarios, to evaluate
the testbed’s coverage.

The authors of [58] provide a tutorial on establishing a slice-aware 5G-SA testbed utiliz-
ing srsRAN Project and Open5GS for the RAN and 5GC software platforms. This paper
provides insights into the challenges of integration of different elements to the testbed.
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Furthermore, it offers valuable information on potential issues faced during the implemen-
tation phase, along with troubleshooting strategies for these scenarios. Note that, the
authors have not mentioned what specific band they are using for their tests. They are
using 30 KHz for Subcarrier Spacing (SCS) which is mostly used for TDD bands.

The authors of [64] utilized an OAI-based 5G-SA testbed to conduct an experimental
assessment of their proposed 5G positioning framework. They extracted information from
DL Positioning Reference Signal (PRS) transmissions via the gNB and validated their
approach in two scenarios: single gNB and multi-gNB connections. For this purpose, three
USRP X310 were used as for the gNB, and the UE, on an 80 MHz, TDD channel with 30
KHz of SCS.

In [74], Vazquez et al., have implemented a 5G-SA testbed using the RAN, and 5GC
solutions form OAI. The testbed’s performance is then analyzed in terms of UE’s UL/DL
throughput, and the CPU utilization of the testbed’s host PC. For this purpose, the authors
have worked with two types of UE-gNB connections, namely, using RF cables to connect
the UE’s antenna ports to the SDR’s, and, Over-the-air (OTA) transmissions between the
UE, and the SDR device.

Finally, the authors of [43], have introduce an easier way to configure and deploy
various scenarios for the open-source OAI RAN platform. The authors have made their
Linux shell scripts publicly available. Moreover, using the shells, the authors have provided
some insights on the minimum achievable E2E latency of their testbed, and specifically,
the OAI platform.

2.3.2 Comparative studies on the performance of multiple testbeds

The literature addressing a comparative analysis of 5G-SA testbeds with different com-
binations of elements is quite scarce. While the inherent design of open-source software
platforms aims to facilitate interoperability, it is crucial to verify its feasibility, simplicity,
and performance. To the best of our knowledge, the only existing studies on this subject
are [36, 44, 46, 60].

The authors of [36] have provided a comparison between the performance of srsRAN
and OAI-RAN in three aspects, namely, UE’s DL bit rate, latency, and a qualitative
comparison of the quality of a video call made by the UE. More so, they assessed the
interoperability of the employed open-source RAN and 5GC software. The authors have
configured the four implemented testbeds to be operating over band n78, in TDD mode.
Noteworthy is the authors’ effort to install OAI on an ArchLinux [2] system, deviating from
the recommended Ubuntu [23] or Fedora [5] distributions of Linux operating system. The
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results reveal differences in video call quality, download bit rates, and latency, with specific
patterns observed for each platform. Additionally, the study highlights the differences in
performance between SDR-based UEs and COST UEs.

[46] presents a comprehensive assessment of the performance of three 5GC software:
Open5GS, Open5GCore, and Amarisoft 5G Core for three types of 5G modems, in terms
of both throughput and latency, when the same RAN, Amarisoft 5G RAN is used. For
the purpose of these tests, band n78, TDD mode was selected.

In [60], Mubasier et al. have implemented two distinct testbeds. both operating on
band n77, which is a TDD band. The first testbed features OAI 5GC and RAN, along
with USRP B210 and a host laptop. The second is a testbed utilizing USRP X300 in
conjunction with srsRAN and Open5GS. This study evaluates network connectivity, the
performance of the testbed seen by the UE, and also computing resource utilization of the
open-source software.

[44] is another comparative study on the performance of testbeds comprising different
elements. In this study OAI-RAN, and srsRAN were the focus, and a comparative analysis
of their features, as well as quantitative results in terms of throughput, signal strength and
latency were discussed for two 5GC software, namely, Open5GS, and Free5GC, in single-UE
scenario. All the tests were set to be conducted over band n78.

Table 2.1 presents a comprehensive overview of the testbeds implemented in the exist-
ing literature, highlighting their key components and the measurement tools utilized for
evaluating the relevant Key Performance Indicators (KPIs).

The main characteristics of the current literature are:

• The scarcity of comparative studies on different elements of 5G-SA experimental
testbeds. There have been very few studies on the subject, and there is still a huge
gap in understanding the full potential of different components.

• The lack of a systematic approach in experiments conducted within this domain.
Throughout this thesis, we have tried our best to provide a clear definition of perfor-
mance metrics and the corresponding measurement processes. Our work introduces
a systematic approach to presenting the test scenarios and methodology.

• Although a few studies on comparative aspects overlap with this thesis in terms of
KPIs such as data rate and E2E latency from the UE’s perspective, we expand
upon these by introducing additional KPIs like coverage and the computing
resource consumption of the studied elements.
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• The lack of studies featuring multi-UE scenarios.

• The lack of studies considering UEs’ location as a factor affecting the perfor-
mance.
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Table 2.1: A Summary of the Literature on 5G-SA testbeds

Ref. S5GC SRAN HRAN Duplexing
Connection

Type
single/multi UE UE Type KPIs Measurement Tools

Oneplus Nord CE 2 Lite Coverage Network Cell Info. Lite
Throughput iperf3[48] Open5GS srsRAN USRP B210 TDD (n77) OTA multi-UE

Simcom 5G modem
Latency ping

Throughput iperf
[42] OAI-5GC OAI USRP N310 TDD (n78) RF Cable single-UE OAI UE

Latency ping

Throughput
Latency

Iperf3
[45] Open5GS srsRAN 4G USRP X300 FDD (n7) OTA single-UE COST UE

Signal Strength cellular-Z

USRP N310 Throughput iperf
Latency ping[66] OAI-5GC OAI

USRP B210
TDD (n77) OTA multi-UE Quectel RM500Q-GL

Covergae gNB logs

[58] Open5GS srsRAN USRP X300 - OTA single-UE Huawei P40 pro - -

[64] OAI-5GC OAI USRP X310 TDD (n78) OTA Single-UE OAI UE UE Position -

USRP X310 OTA Samsung A33 Throughput iperf3
[74] OAI-5GC OAI

USRP B210
TDD (n78)

RF Cable
multi-UE

OAI UE CPU Utilization System Monitor

TDD (n78) OTA Throughput iperf
Latency ping[43] OAI-5GC OAI USRP N310

TDD (n77) RF Cable
Single-UE OAI UE

Retransmission gNB Logs

Open5GS srsRAN Throughput SpeedTest
Latency iperf[36]

OAI-5GC OAI
USR B210 TDD (n78) OTA single-UE Moto G200 5G

Video Call qualitative measures

Amarisoft Telit FN980 Throughput SpeedTest
Open5GCore Sierra EM9191[46]
Open5GS

Amarisoft
Amarosift

CALLBOX PRO
TDD (n78) OTA Single-UE

Quectel RG500Q-EA
Latency ping

Throuput Nettfart
OAI-5GC OAI USRP B210

Latency ping
CPU, Memory Utilization htop

Jitter Nettfart
[60]

Open5GS srsRAN USRP X300
TDD (n77) OTA Single-UE Oneplus 10 Pro

Packet loss Nettfart

Open5GS OAI Google Pixel5 Throughput Fusion Connect speed test
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Chapter 3

Implementation

Figure 3.1: Our 5G-SA platform

This chapter focuses on the implementation of 35 distinct 5G-SA testbeds. We have
developed a flexible platform (shown in Fig. 3.1) that allows for the integration and config-
uration of various elements within a 5G-SA testbed, enabling a comprehensive evaluation
of their impact on the performance experienced by the UEs.

Although we already have introduced our nomenclature and the elements of a typical
5G-SA system in Section 1.2 of Chapter 1, for the sake of completeness of this chapter, we
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will re-introduce them. This chapter includes the main contributions of this thesis, and it
is worthwhile introducing the system architecture once more.

The elements and sub-elements that constitute our operating 5G-SA platform are il-
lustrated in Fig. 3.2, and listed in Table 3.1.

Figure 3.2: Our 5G-SA platform architecture

A single-cell, 5G-SA experimental testbed containing n UEs can be defined by the set T
of its software and hardware elements and a set C containing the configuration parameters.

T = {S5GC , H5GC , SRAN , HRAN , (SUE1 , HUE1), . . . , (SUEn , HUEn)} (3.1)

C = {b, B, T} (3.2)

Where:

• S5GC (resp. SRAN and SUEi
) is the collection of software sub-elements for 5GC

(resp. RAN and the i-th UE), and H5GC (resp. HRAN and HUEi
) is the collection of

hardware sub-elements for 5GC (resp. RAN and the i-th UE).
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• b is the band central frequency used by the system, B is the bandwidth, and T is the
transmission mode between the gNB, and the UE (wired or wireless).

On the RAN side, the hardware elements include an SDR device equipped with an
antenna system, acting as the RF front-end, connected to a host computer. The software
aspects include an open-source platform for the 5G protocol stack. Additionally, the SDR
requires a driver to communicate with the host computer’s operating system.

For the 5GC, the hardware is a host computer, while the software includes an open-
source platform that manages core network functions.

On the UE side, hardware options include smartphones, or computers with modems.
In case of a phone-based UE, the software includes the operating system of the smartphone
(we do not have access to the phone’s protocol stack). In case of a modem-based UE, the
software aspect consists of the operating system of the computer (with the first two layers
of the 5G protocol stack being executed on the modem, and the rest on the computer).

Please note that for all software elements involving an Operating System (OS), the
kernel used by the OS, particularly if it is Linux, is also a critical factor. As we will
see later, setting up drivers to enable communication between hardware pieces and the
computer was challenging when the host computer used Linux.

Table 3.1: Our 5G-SA platform elements
(We use the same color code as in Fig. 3.2)

Software Elements Hardware Elements
S5GC ∈ {Open5GS, OAI-5GC}

OS: Ubuntu 20.04.6 LTSS5GC

Kernel: 5.15.0-xx-lowlatency
H5GC

5GC/RAN Host PC ∈ {Host Computer #1 & #2}
(both S5GC and SRAN run on the same host PC)

SRAN ∈ {srsRAN, OAI-RAN}
OS: Ubuntu 20.04.6 LTS

5GC/RAN Host PC ∈ {Host Computer #1 & #2}

Kernel: 5.15.0-xx-lowlatency SDR ∈ {USRP B210 & USRP X410}SRAN

Driver: UHD v4.5.0

HRAN

Antenna: Molex 5GHz compatible

5G Phone: OnePlus Nord CE 2
SUE1 OS: Android 11 HUE1 SIM Card: sysmoISIM-SJA2

OS: Ubuntu 20.04.6 LTS Host PC: Intel® CoreTM i7-3770 CPU @ 3.4GHz
5G Modem: Quectel RM502Q-AESUE2 Kernel: 5.14.0-051400-generic

HUE2

SIM Card: sysmoISIM-SJA2

Host PC: Intel® Core i7-1255U CPU @ 1.70 GHz
5G Modem: Quectel RM502Q-AESUE3 OS: Windows 11 HUE3

SIM Card: sysmoISIM-SJA2
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3.1 Elements Under-Study

This section provides an in-depth introduction to all the elements incorporated into our
platform, enabling us to build 35 distinct testbeds.

3.1.1 The RAN

RAN Open-source Software Platforms

• Platform #1- srsRAN : It comprises open-source 4G and 5G software radio suites
developed by the Software Radio Systems team. The project includes two main
repositories, namely, srsRAN 4G and srsRAN Project, both available under the GNU
Affero General Public License version 3 (AGPLv3). While srsRAN 4G provides a
prototype for 5G-SA, the supported features are minimal, and there will be no further
updates. srsRAN Project though, offers a full 5G-SA solution based on a complete
codebase. In this study we have used srsRAN Project, and we will refer to it as
srsRAN in the following. It supports all TDD and FDD bands on FR1. The latest
release of the software (srsRAN Project 23.10.1) offers the flexibility to configure
over 400 parameters in a user-friendly way, which has made working with srsRAN
particularly convenient.

• Platform #2- OAI-RAN : Developed by the Eurecom team, the OAI software plat-
form provides LTE, and 5G solutions for the RAN, and unlike srsRAN, the 5G core.
For clarity, we will refer to the RAN solution from OAI, as OAI-RAN, and the 5GC
as OAI-5GC. This project is distributed under the OAI 5G Public License. Com-
pared to srsRAN, OAI-RAN provides more features such as more subcarrier spacing
options and support for Frequency Range 2 (FR2). However, configuring OAI-RAN
is more complex than configuring srsRAN since it requires modifying code blocks in
the configuration file. For instance, changing the frequency band in srsRAN requires
only changing the value assigned to the frequency band parameter, while in OAI-
RAN, a large code block in the configuration file needs to be modified. Therefore,
working with OAI-RAN requires a deep understanding of each parameter’s function
within the gNB and meticulous adjustment of specific values associated with those
parameters. In this regard, we highly recommend reading [68], where the authors
have described how to work with the OAI-RAN configuration file. We have used the
“2024.w09” version of the develop branch of OAI ’s GitLab [13] .
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Figure 3.3: srsRAN gNB architecture [20]

Figure 3.4: OAI gNB architecture [15]

RAN Hardware Platforms (SDR)

• RAN SDR #1- USRP X410 : it is a high-end, all-in-one SDR (Fig. 3.5). It comes
with advanced features like four independent Tx and Rx channels, each capable of 400
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MHz of bandwidth. The X410 model is equipped with a built-in GPS Disciplined
Oscillator (GPSDO) for improved timing synchronization. Additionally, it offers
multiple networking interfaces for data and control offloading, such as two Quad
Small Form-factor Pluggable 28 (QSFP28) ports supporting data transfer rates of
up to 100 Gigabit Ethernet (GbE), along with standard interfaces like Ethernet and
USB-C. In our experiments, we utilize one USRP X410 connected to the RAN host
computer via two QSFP28-10GB connections and one Ethernet connection to the
network.

Figure 3.5: USRP X410 [4]

• RAN SDR #2- USRP B210 : This single-board, low-cost USRP (Fig. 3.6), is a dual-
channel transceiver, providing up to 56 MHz bandwidth. B210 comes with a USB
3.0 connector to enable a connection to the RAN host PC. Since this USRP lacks a
built-in GPSDO, maintaining synchronization might become a challenge. We have
chosen to use a USRP B210 in our tests, as it is arguably the most popular SDR
in the research community as of now. Hence, we can gain a clear understanding of
what this USRP model offers compared to the high-end X410.

Figure 3.6: USRP B210 [4]
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RAN Host Computers

To investigate the influence of computing resources on the testbed’s performance, we utilize
the two PCs listed in Table 3.1, featuring different levels of computational power to host
the RAN software.

• PC #1 : The first host computer utilized in our tests is equipped with an 11th

Gen Intel® CoreTM i9-11900K processor, running at the base frequency of 3.50GHz.
This system operates on Ubuntu 20.04.6 LTS, featuring kernel version 5.15.0-60-low-
latency.

• PC #2 : The second host is a mini PC featuring Intel® CoreTM i7-10700 CPU @
2.90GHz. This PC also runs Ubuntu 20.04.6 LTS, with kernel version 5.15.0-84-low-
latency.

Note that the SDR requires a driver installed on the RAN host computer, so that they
both can communicate. All USRP products from Ettus use the same hardware driver,
called USRP Hardware Driver (UHD). In this study, we have installed UHD 4.5.0.0 on
both RAN host computers. Utilizing two RAN host computers, allows us to assess the
impact of computational power on the final performance of the testbed.

3.1.2 The Core

5GC Software Platforms

Our study focuses on two 5GC open-source software, namely Open Air Interface-5GC
(OAI-5GC) and Open5GS. A 5GC software comprises a large number of different NFs. It
is important to note that these two 5GC software, have different architectures, as illustrated
in figures 3.7 and 3.8. To perform consistent and fair comparisons, we have used the same
procedures across all our testbeds, such as UE attachment, UE authentication, UE PDU
session establishment, and more.

• Platform #1- Open5GS : It is a popular core network solution that not only offers a
5GC but also an Evolved Packet Core (EPC) solution, enabling the implementation of
5G-SA, 5G-NSA, and LTE networks. The 5GC solution is based on 3GPP-Rel.17, and
contains the following network functions: NF Repository Function (NRF), Service
Communication Proxy (SCP), Security Edge Protection Proxy (SEPP), AMF, SMF,

28



UPF, Authentication Server Function (AUSF), Unified Data Management (UDM),
Unified Data Repository (UDR), Policy and Charging Function (PCF), NSSF, and
Binding Support Function (BSF). It is open-source and available under AGPLv3.
For our test scenarios, we have used Open5GS v2.7.0.

Figure 3.7: Open5GS 5GC architecture [16]

• Platform #2- OAI-5GC : It is an open-source software developed by the Eurecom
team. Similar to Open5GS, this platform also offers solutions for 5GC and EPC. OAI-
5GC is 3GPP compliant and provides various deployment options. Each deployment
option includes a specific set of NFs, allowing users to choose the most suitable
one based on their needs. We have chosen to deploy the basic version of OAI-5GC
(branch develop, tag: v1.5.1), which includes the following NFs: AMF, SMF, UPF,
NRF, UDM, UDR, and AUSF. This code is licensed under the OAI Public License
v1.1.
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Figure 3.8: OAI-5GC architecture [15]

5GC Hardware Platforms

The core hardware platform is one of the two PCs described above since we execute both
S5GC and SRAN on the same host computer.

3.1.3 The UEs

We consider three different UEs.

• UE1: Our first UE is a OnePlus Nord CE 2 5G COST phone, which is 5G-SA
compatible. This phone runs Android 11 and supports 11 5G-SA bands.

• UE2: The second UE comprises a Quectel 5G modem (shown in Fig. 3.9), the
RM502Q-AE, connected to a host PC. Together, the modem and the PC will form the
second UE. The PC (Intel(R) CoreTM i7− 3770 CPU @ 3.4GHz) is running Ubuntu
20.04 with kernel version v5.14.0. Note that this UE is not easily movable.

• UE3: The third UE is composed of another Quectel 5G modem (RM502Q-AE) con-
nected to a Dell laptop equipped with a 12th Generation Intel Core i7-1255U processor
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running at 1.70 GHz and Windows 11. This choice allows us to investigate potential
performance differences between the second and third UEs and determine if these
differences can be attributed to their respective host computer operating systems
(Ubuntu vs. Windows).

Figure 3.9: Quectel 5G modem (RM502Q-AE)

3.1.4 Miscellaneous

Last but not least, we utilized sysmoISIM-SJA2 programmable SIM cards from sysmo-
com [22] in this study. These SIM cards are 3GPP-Rel.16 compliant and come with the
credentials required for modifying them. Additionally, for configuring our testbed’s Public
Land Mobile Network (PLMN), we assigned the Mobile Country Code (MCC ), and Mobile
Network Code (MNC ) values as 001 and 01, respectively.

3.2 Testbeds Under-Study

Now that we have introduced all the elements under study, we can present the testbeds
that we have built, with respect to the definitions of the sets T and C in (1.1) and (1.2)
respectively.

For the purposes of this thesis and to conduct a thorough study of the performance
achieved by the UE(s), we built nearly all possible combinations of the available system
elements. This resulted in the implementation of 36 distinct testbeds and the execution of

31



Table 3.2: Testbeds implemented for this thesis

Testbed ID S5GC SRAN Host PC SDR UE(s) Configuration Set

T1 Open5GS srsRAN 4G PC #2 USRP B210 {UE2} {n3, 20 MHz, OTA}
T2 Open5GS srsRAN PC #2 USRP B210 {UE2} {n78, 20 & 40 MHz, OTA}
T3 OAI-5GC srsRAN PC #2 USRP B210 {UE2} {n78, 20 & 40 MHz, OTA}
T4 OAI-5GC OAI-RAN PC #2 USRP B210 {UE2} {n78, 20 & 40 MHz, OTA}
T5 Open5GS OAI-RAN PC #2 USRP B210 {UE2} {n78, 20 & 40 MHz, OTA}
T6 Open5GS srsRAN PC #1 USRP X410 {UE1} {n78, 40 MHz, OTA}
T7 Open5GS srsRAN PC #1 USRP B210 {UE1} {n78, 40 MHz, OTA}
T8 Open5GS srsRAN PC #1 USRP X410 {UE2} {n78, 40 MHz, OTA}
T9 Open5GS srsRAN PC #1 USRP B210 {UE2} {n78, 40 MHz, OTA}
T10 Open5GS srsRAN PC #1 USRP X410 {UE3} {n78, 40 MHz, OTA}
T11 Open5GS srsRAN PC #1 USRP B210 {UE3} {n78, 40 MHz, OTA}
T12 Open5GS srsRAN PC #1 USRP X410 {UE1, UE2} {n78, 40 MHz, OTA}
T13 Open5GS srsRAN PC #1 USRP B210 {UE1, UE2} {n78, 40 MHz, OTA}
T14 Open5GS srsRAN PC #1 USRP X410 {UE1, UE3} {n78, 40 MHz, OTA}
T15 Open5GS srsRAN PC#1 USRP B210 {UE1, UE3} {n78, 40 MHz, OTA}
T16 Open5GS srsRAN PC#1 USRP X410 {UE2, UE3} {n78, 40 MHz, OTA}
T17 Open5GS srsRAN PC#1 USRP B210 {UE2, UE3} {n78, 40 MHz, OTA}
T18 Open5GS srsRAN PC#1 USRP X410 {UE1, UE2, UE3} {n78, 40 MHz, OTA}
T19 Open5GS srsRAN PC#1 USRP B210 {UE1, UE2, UE3} {n78, 40 MHz, OTA}
T20 Open5GS OAI-RAN PC#1 USRP X410 {UE1} {n78, 40 MHz, OTA}
T21 Open5GS OAI-RAN PC#1 USRP B210 {UE1} {n78, 40 MHz, OTA}
T22 Open5GS OAI-RAN PC#1 USRP X410 {UE2} {n78, 40 MHz, OTA}
T23 Open5GS OAI-RAN PC#1 USRP B210 {UE2} {n78, 40 MHz, OTA}
T24 Open5GS OAI-RAN PC#1 USRP X410 {UE3} {n78, 40 MHz, OTA}
T25 Open5GS OAI-RAN PC #1 USRP B210 {UE3} {n78, 40 MHz, OTA}
T26 Open5GS OAI-RAN PC #1 USRP X410 {UE1, UE2} {n78, 40 MHz, OTA}
T27 Open5GS OAI-RAN PC #1 USRP B210 {UE1, UE2} {n78, 40 MHz, OTA}
T28 Open5GS OAI-RAN PC #1 USRP X410 {UE1, UE3} {n78, 40 MHz, OTA}
T29 Open5GS OAI-RAN PC #1 USRP B210 {UE1, UE3} {n78, 40 MHz, OTA}
T30 Open5GS OAI-RAN PC #1 USRP X410 {UE2, UE3} {n78, 40 MHz, OTA}
T31 Open5GS OAI-RAN PC #1 USRP B210 {UE2, UE3} {n78, 40 MHz, OTA}
T32 Open5GS OAI-RAN PC #1 USRP X410 {UE1, UE2, UE3} {n78, 40 MHz, OTA}
T33 Open5GS OAI-RAN PC #1 USRP B210 {UE1, UE2, UE3} {n78, 40 MHz, OTA}
T34 Open5GS srsRAN PC #2 USRP B210 {UE1} {n78, 40 MHz, OTA}
T35 Open5GS OAI-RAN PC #2 USRP B210 {UE1} {n78, 40 MHz, OTA}
T36 Open5GS srsRAN PC #2 USRP B210 {UE2, UE3} {n77, 40 MHz, OTA}
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around 350 different tests. You can see the details of the elements, and configuration sets of
those 36 testbeds in Table 3.2. Additionally, a demo of our initial testbed implementation
(T1), as reported in [37], can be viewed at https://bit.ly/3KZPXZW.

We have configured all the tests (except for our initial testbed, T1), to be done on
b = n78, which operates in TDD mode. In a TDD-based communication system, time is
divided into discrete periodic intervals, referred to as a frame. 3GPP has set the frame
length to be fixed as 10 ms [27]. Each frame consists of a set of T subframes. A subframe
consists of one or more consecutive slots, with each slot containing 14 symbols. A frame
structure may look like what is illustrated in Fig. 3.10.

Figure 3.10: Simplified 5G-NR frame structure

Numerology (µ), refers to the set of parameters that define the physical layer structure,
specifically, the subcarrier spacing (SCS), symbol duration, and cyclic prefix length in a
communication system. Also, SCS refers to the frequency difference between adjacent sub-
carriers in a multi-carrier communication system. Since 5G aims to cover a wide range of
operating frequencies, including sub-3 GHz, sub-6 GHz, and mmWave (over 25 GHz), it is
very difficult to create a single numerology (subcarrier spacing) that maintains efficiency
and performance across all these frequencies. Therefore, unlike LTE, where the SCS was
fixed to 15 Khz, 5G introduces multiple SCS options as shown in Table 3.3 [31]. Please
note that not every SCS can be used for every frequency band, and bandwidth (you can
refer to 3GPP TS38.300-Table 5.1-1 for more information [30]).

Moreover, it is crucial to precisely define when to expect transmission and reception.
In LTE networks, a predefined pattern for UL and DL slot allocation in a radio frame
was established. 5G NR comes with more flexibility in terms of allocating slots to UL
or DL. For instance, imagine a frame structure that looks like “DDDDDFUUUU”, where
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Table 3.3: Number of OFDM symbols per slot, slots per frame, and slots per subframe for
normal cyclic prefix

µ N slot
symb N frame,µ

slot N subframe,µ
slot

0 14 10 1

1 14 20 2

2 14 40 4

3 14 80 8

4 14 160 16

5 14 320 32

6 14 640 64

“D” represents downlink slots, “U” represents uplink slots, and “F” stands for a flexible
slot. The flexible slot must include a Guard Period (GP) between the downlink and uplink
symbols. For small cell sizes, such as those in experimental testbeds, even 1 GP symbol
is sufficient. The flexible slot can, for instance, consist of eight downlink symbols, 1 GP
symbol, and five uplink symbols, denoted as “8:1:5” [48].

When comparing the performance of different RAN platforms operating in TDD mode,
it is imperative to configure the same TDD slots and symbols for a meaningful compar-
ison. Unfortunately, this aspect is often overlooked in the few comparative studies on
experimental testbeds. In our tests, however, we ensured that both SRAN platforms were
set with the same TDD configuration (as the default TDD configuration of srsRAN
and OAI-RAN are not the same). We set the frame structure as: “DDDDDDFUUU”,
which accounts for 6 DL slots, 3 UL slots, and 1 flexible slot. Moreover, we are using
Numerology 1, with an SCS value of 30 kHz.

3.3 Implementation Challenges

In this section, we describe the challenges we faced while building these testbeds, and the
reasons for some of our choices.
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3.3.1 Hardware-related Challenges

The hardware-related challenges mostly arise from the limitations of the hardware elements
in supporting the 5G-SA technology.

• Phones : The availability of 5G SA-enabled phones is still limited. For our platform,
we used multiple phones, such as LG Velvet 5G, Google Pixel 4a, Google Pixel 5 5G,
and OnePlus Nord CE2, and could only get OnePlus Nord CE2 connected to it.
The main reasons for the challenges regarding connecting 5G-enabled phones to the
experimental testbeds, include:

– In the initial phase of our project, the RAN software platforms offered limited
support for 5G-SA frequency bands, making it difficult to find a phone compati-
ble with the same bands supported by the RAN platforms. However, as both the
open-source RAN software matured over time, this challenge gradually faded1.

– Next, is the challenge of forcing 5G phones to operate in the 5G-SA mode.
Although some phones do support the SA mode, manufacturers often set them
up to operate on the 5G-NSA mode by default, which requires additional steps
to switch to 5G-SA. To ensure our phone operated exclusively in 5G-SA mode,
we installed an Android application called 5G Switch - Force 5G Only [1]. This
application is free and does not require the phone to be rooted. There is also
another Android application called Network Signal Guru [10] which can be used
to force the phone to operate on the SA mode. However, Network Signal Guru
requires root access to the phone.

– Additionally, using the correct PLMN configuration is sometimes crucial for
making experimental testbeds visible to the phone. Manufacturers often con-
figure phones to exclusively connect to commercial networks, not private or
experimental ones. The PLMN serves as the unique identifier for each network,
and private networks are generally assigned the PLMN “00101” for their con-
figuration. As a result, the PLMNs used by them are not recognized by the
phone, leaving the testbeds invisible. In such cases, multiple PLMN configura-
tions should be tested to find one that works across all UEs.

• Quectel modem: This 5G SA enabled modem is used as a user equipment (UE)
instead of commercial mobile phones since it has more flexibility in controlling crucial

1As of now, both OAI-RAN, and srsRAN provide a list of tested COST UEs that have successfully get
connected to their platforms [18, 14].
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operational parameters such as the band and the mode. However, it has software-
related drawbacks that will be discussed shortly.

• Antennas (for the modem and the USRP): They have to operate at the required
bands for successful attachment.

• USIM : Re-programmable universal SIM cards are needed to successfully evaluate
and control the testbed’s parameters, since acquiring encryption keys and security
parameters from commercial SIM cards is impossible.

3.3.2 Software-related Challenges

Software-related challenges arise from the lack of compatibility of the different software
elements.

• Quectel modem: When connected to a Windows-based host PC or laptop, it relies
on the Windows Connection Manager to manage the 5G connection. However, on
Ubuntu, several packages and drivers need to be installed, and in our case, we were
only able to successfully install them with Kernel version 5.14.0, but not with any
higher versions.

3.4 Performance Metrics

Before presenting our test scenarios and results, a detailed description of the selected per-
formance metrics is required. In the following paragraphs, we define each metric, introduce
the measurement tool used for each, and explain the measurement approach.

3.4.1 Data Rate

We measure the UL and DL average data rate in Mbps, using iperf3 [8]. Each experiment
runs for three minutes, and we report the average of the achieved UL and DL data rates.
Please note that, We selected a three-minute duration for our experiments to assess the
stability of the wireless connection. Using such a prolonged duration allowed us to verify
not only the data rate and latency but also the stability of the 5G-NR connection between
the UE and the gNB. Moreover, to run iperf3 on UE1 the Android phone, we installed
he.net - Network Tools [7]. The data rate assessment procedure is detailed in Algorithm 1.
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Algorithm 1 Data Rate Assessment using iperf3

1: Start S5GC

2: Start SRAN

3: Power on the UE(s) and connect them to the testbed.
4: DL Rate Assessment:
5: Set up an iperf3 server on the UE(s).
6: Run iperf3 client(s) on the host PC to send full buffer traffic from the 5GC to the

UE(s) for 3 minutes.
7: UL Rate Assessment:
8: Set up iperf3 server(s) on the 5GC.
9: Run an iperf3 client on each UE to send full buffer traffic from the UE(s) to the

5GC for 3 minutes.
10: return Average rates achieved for both DL and UL directions.

3.4.2 Latency

The E2E latency is measured in milli-second (ms), by using the ping command at the UE
side. We conducted each test for three minutes and report the average latency between
the UE and the 5GC. The latency assessment procedure is detailed in Algorithm 2.

Algorithm 2 E2E Latency Assessment using ping

1: Start S5GC

2: Start SRAN

3: Power on the UE(s) and connect them to the testbed.
4: run “ping 5GC-IP -w 180” on the UE(s).
5: return Average & Min. latency values.

3.4.3 Coverage

We consider the Reference Signal Received Power (RSRP) in dBm to be the measure of the
coverage. The coverage tests were conducted for UE1. We used the Android application
5G Switch - Force 5G Only [1], on UE1, the mobile phone, to report the RSRP.
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Algorithm 3 Coverage Assessment using the Android Phone

1: *Loc ← {A2, B, C,D,E, F,G,H, I, J,K, L,M,N,O}
2: Start S5GC

3: Start SRAN

4: for l in Loc do
5: Turn UE1 on at l
6: Get UE1 connected to the 5G-SA testbed
7: Open “5G Switch - Force 5G Only”
8: Report the Signal Strength at l
9: end for
10: return

*For more details about the list of locations please refer to Fig. 3.12

3.4.4 Computational resource consumption

Finally, to monitor how each RAN software platform consumes the computational resources
of its host computer, we use the top command. This allows us to observe the running
processes, and the overall host computer resource utilization (CPU and memory). We
run this command on the host PC that executes both 5GC and RAN, for three minutes
and report the maximum percentage of CPU and memory utilization for each software
platform.

Algorithm 4 Computational Resource Consumption Assessment using top

1: Start S5GC

2: Start SRAN

3: Power on the UE(s) and connect them to the testbed.
4: Run the top command on the S5GC and SRAN host PC.
5: Repeat the “Data Rate Assessment” defined earlier in Algorithm 1.
6: Report the maximum CPU and memory utilization.

3.5 Test Scenarios, Methodology and Results for Open-

source 5G software Interoperability Assessments

In this section, we first study open-source 5G software interoperability. While every open-
source software project should inherently be designed to facilitate interoperability, there
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remains a need to verify if interoperability is possible, easy and performing well. To assess
the impact on performance of one software over another, we present our test scenarios
and the corresponding methodology to analyze the performance of single-cell, single-UE
testbeds with different combinations of RAN and 5GC including the quantitative and
qualitative metrics used for the comparison.

For our comparative analysis, we have implemented four testbeds (please refer to Ta-
ble 3.2 for details of these testbed) and experimented with two sets of configurations as
follows (abusing our notation to focus only on the RAN and 5GC open-source software).

T2 = {Open5GS, srsRAN}
T3 = {OAI − 5GC, srsRAN}
T4 = {OAI − 5GC,OAI −RAN}
T5 = {Open5GS,OAI −RAN}
C1 = {n78, 20MHz}, C2 = {n78, 40MHz}

We have build and analyzed the performance of these four testbeds, while both RAN,
and 5GC software platforms are executed on PC #2, using UARP B210 as our SDR device.

We have tested all three UEs for interoperability tests; however, we were unable to get
UE1, the 5G phone, connected to T3 and T4, which use OAI-5GC as their core network.
We tried multiple PLMN combinations, including:

• “00101” which is used for private networks.

• “20895” used for commercial French MNOs.

• “302720” used for commercial Canadian MNOs.

We were unable to connect this phone to those testbeds, primarily because T3 and T4
were invisible from the phone’s perspective. As a result, we relied on UE2 and UE3, both
of which successfully connected to all four testbeds.

Since the goal of this section is to assess the interoperability of the four open-source 5G
software platforms, we conducted all our interoperability tests using only UE2, the Quectel
5G modem connected to a Linux-based PC. However, further details about the impact of
different UE types on the achieved performance are provided in Section 3.6.
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Figure 3.11: Simplified 5G-SA architecture to illustrate interfaces N2 and N3

3.5.1 Methodology & Results for Interoperability Assessment

Methodology

Fig. 3.11 depicts the simplified architecture of 5G-SA, highlighting two important features:
1) the RAN that we use is not dis-agreggated, and 2) the interfaces N2 and N3 that need
careful configuration for establishing a connection between the RAN and the 5GC.

In order to establish connections, the open-source RAN software must be configured
with the IP addresses of the AMF and UPF in the 5GC. Conversely, the 5GC requires
the RAN IP address for this setup. Once these connections are successfully established,
both software elements can set up the interfaces and exchange messages using the NGAP
protocol [26].

Generally, each open-source software includes a configuration file with default values for
their addresses. For instance, for T4, the configuration file in OAI-RAN is pre-configured
with values that align with the IP addresses of AMF and UPF in OAI-5GC (as this is
the intended combination of RAN and 5GC envisioned by the developers) and that is
the configuration file that we use. However, for T2, T3, and T5, the configuration files of
the software elements needed to be modified. srsRAN provides a documentation on how
such a modification should be done for T2. For T3, and T5, though, no configuration was
recommended by Open5GS, srsRAN, or OAI. Consequently, we had to create our own set of
addresses for the interfaces connecting the RAN to the 5GC so that they can successfully
communicate. Table 3.4 provides the addresses and their respective values, which were
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Table 3.4: Parameters of the Open-source Software for each testbed

Open-source 5GC software Open-source RAN software
Open5GS srsRAN

sbi: 127.0.0.5
AMF

ngap: 127.0.0.2
addr: 127.0.0.2

pfcp: 127.0.0.7
T2

UPF
gtpu: 127.0.0.2

AMF
bind addr: 127.0.1.1

OAI-5GC srsRAN
AMF ipv4 address: 192.168.70.132 addr: 192.168.70.132T3

networks subnet: 192.168.70.128/26
AMF

bind addr: 192.168.70.129
OAI-5GC OAI-RAN

AMF ipv4 address: 192.168.70.132 ipv4: 192.168.70.132T4
networks subnet: 192.168.70.128/26

AMF GNB IPV4 ADDRESS FOR NG AMF:
192.168.70.129/26

Open5GS OAI-RAN
sbi: 127.0.0.5

AMF
ngap: 127.0.0.5 ipv4: 127.0.0.5
pfcp: 127.0.0.7

T5
UPF

gtpu: 127.0.0.7

AMF
GNB IPV4 ADDRESS FOR NG AMF:

127.0.1.1/24

employed in each software across all four testbeds.

Please note that, beyond the aforementioned modifications made to the configurations
of the interfaces , adjustments of the parameters of the PLMN (00101) are also required.
These adjustments, not only include the RAN and 5GC, but also extend to the SIM card, to
ensure that all three elements — RAN, 5GC, and the UE — utilize identical authentication
information, to enable seamless interactions among them.

Results on tests conducted on on interoperability of open-source 5G

We successfully verified the interoperability of the open-source 5G software platforms for
T 2, T 3, T 4, and T 5, using the configuration details outlined in Table 3.4.

Observations on tests conducted on interoperability of open-source 5G

The observation is that interoperability is often very challenging because it requires careful
configuration.

• Ease-of-Use: Among the four open-source software we have worked with, srsRAN,
and Open5GS, proved to be the most user-friendly, as their configuration files are
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straightforward and easy to read. In contrast, both OAI-RAN and OAI-5GC were
much more difficult to deploy. For example, when adjusting the bandwidth within the
RAN software, srsRAN offers a single parameter to adjust, “channel bandwidth MHz”
within its configuration file. On the other hand, OAI-RAN requires changes in a spe-
cific code blocks within the configuration file for bandwidth adjustments. Further-
more, in the context of frequency configuration, srsRAN only requires two parame-
ters: the New Radio (NR) band number and the Absolute Radio Frequency Channel
Number (ARFCN). In contrast, OAI-RAN needs careful adjustments within an even
bigger code block (compared to changing the bandwidth) in the configuration file to
accurately define the frequency ranges.

• Robustness : We observed that the two OAI software suites show a higher sensitivity
to unexpected messages or errors. In many scenarios, the software stack crashed,
necessitating a restart. srsRAN and Open5GS both are more resilient to such events.
For instance, consider a situation where a UE unexpectedly drops its connection with
the RAN. We have noticed that in such cases, when the UE attempts to re-establish
the connection, OAI-5GC often experiences disruptions, necessitating a complete
software restart. In contrast, we have not observed this behavior with Open5GS.

3.5.2 Methodology & Results for Data Rate and Latency Assess-
ment in interoperability tests

Methodology

To analyze the E2E latency and UE’s achieved data rate in UL and DL, we used the
four testbeds mentioned earlier (T 2, T 3, T 4, and T 5). In our experiments, the goal is
to compare the performance on the DL and the UL of these selected open-source software
solutions, from the perspective of a UE in the simplest scenario: a single, stationary UE
that located in near proximity of the SDR device, and is registered and connected to
the internet. Hence, our comparison while being very detailed for the scenario that we
consider, does not include all the features of the different 5GCs and RANs, e.g., mobility,
localization, etc.

For interoperability tests, other than Algorithm 1, we assessed data rates using Speedtest
by Ookla [17]. After conducting five tests and averaging the results, we did not observe any
noticeable differences between the measurements from the two tools, iperf3 and SpeedTest.
Moreover, for each latency assessment, we conducted two types of tests: (i) the E2E latency
from the UE to the 5GC, and (ii) the E2E latency from the UE to an external server. For
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Table 3.5: Downlink and Uplink data rate and latency results for interoperability tests

S5GC SRAN BW DL rate UL rate Latency AVG Min.

Core 31.4 20.3
20 41.3 17.4

External 32.4 22.7
Core 30.3 19.2

T2 Open5GS srsRAN
40 91.7 40.7

External 33 22.6

Core 32.4 21.3
20 41.2 17.3

External 33.6 23.7
Core 30.8 19.3

T3 OAI-5GC srsRAN
40 91.5 40

External 33.1 23.2

Core 9.9 7.1
20 55.5 9.4

External 14.4 11.5
Core 9.9 6.9

T4 OAI-5GC OAI-RAN
40 113.6 19.7

External 14.6 11.6

Core 9.7 7.2
20 55.1 9.4

External 14.4 11.6
Core 10 7.4

T5 Open5GS OAI-RAN
40 113.5 19.7

External 14.4 11.6

Data rate values are in Mbps. Latency values are expressed in milliseconds (ms).

the former, a ping command was sent from UE2 to the IP address of the AMF in the core
network (as outlined in Table 3.4). For the latter, a ping command was sent from the
UE to the external server. Both the average and minimum measured latency values are
reported.

Results of Data Rate and Latency Assessment for Interoperability Tests

The performance results for the four testbeds are reported in Table 3.5 for two band-
width values: 20 MHz and 40 MHz. Focusing on the comparisons, we make the following
observations:

• Impact of the RAN software: For this comparison, we consider T3, and T4, where the
common S5GC is OAI-5GC.

– DL data rate: Clearly, there is a difference in the achieved DL rate. With a
40 MHz bandwidth, srsRAN offers 91.5 Mbps, whereas OAI-RAN delivers an
impressive 113.6 Mbps.
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– UL data rate: On the UL, srsRAN is the one delivering better performance.
With both 20, and 40 MHz bandwidth, srsRAN offers about double the UL
rate of OAI-RAN.

– E2E Latency : OAI-RAN outperforms srsRAN in terms of latency. It is also
worth highlighting that throughout our experiments, latency measurements with
OAI-RAN exhibited a greater stability, whereas with srsRAN, latency values
showed considerable variations. These variations are evident when comparing
the average and minimum latency values.

• Impact of the 5GC software:: For this comparison, we focus on T2 and T3, both using
srsRAN.

– Data rate: There is no significant difference in the UL and DL rates between
the two 5GC software.

– Latency : In this context as well, there is not a huge difference between the
average latencies achieved by the UE from both Open5GS, and OAI-5GC.

3.6 Test Scenarios, Methodology and Results for the

RAN Platforms

In this section, we introduce the test scenarios and the corresponding methodology to
analyze the performance of the RAN elements, including the SDR devices and the two
open-source software platforms, followed by a presentation of the results.

We have build and analyzed the performance of 28 testbeds that consist of all the
possible combinations of the other elements described above with either (any) one, (any)
two or the three UEs. Specifically, considering the three UE devices that we have described
above, we created seven different UE combinations based on their number and types,
i.e., {UE1}, {UE2}, {UE3}, {UE1, UE2}, {UE1, UE3}, {UE2, UE3}, {UE1, UE2, UE3}.
Recall that we consider two SDR devices, i.e., {USRP B210, USRP X410} and two SRAN

platforms, i.e., {srsRAN, OAI-RAN }. Thus, using all possible combinations of these three
groups, (7 × 2 × 2), we built 28 testbeds.

Additionally, to assess the computational resource consumption of the two 5G open-
source software, we have built two additional testbeds using a less powerful PC, PC #2,
and the two RAN platforms. This setup allows us to evaluate how the performance of
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each open-source software is impacted by the host PC, and the number of connected UEs.
Hence in total, we have build and studied 30 testbeds for this section.

Figure 3.12: Map indicating the positions where tests were conducted

3.6.1 Methodology & Results for Data Rate Assessment

Methodology

For the assessment of the data rate of each UE within each testbed, we had to carefully
take the location of each UE into account. The first tests were done when all the UEs of
each testbed were located in “good” positions, i.e., at positions where the downlink data
rate of a single UE was consistently at its peak (characterized by the highest rate of the
existing MCS). The comparison of the performance of the different testbeds when all UEs
are in those positions, gives us valuable information on how best the testbeds can perform.

Fig. 3.12 illustrates the map of the fourth floor of the Centre for Environmental and
Information Technology building on the main campus of University of Waterloo where we
conducted our tests. Our lab is in room 4148, and we have indicated the location of the
SDR by a star sign on the map.

We first identified three good positions in our lab, all in the vicinity of the SDR device.
We have marked the three selected positions for the UEs in Fig. 3.12 as A1, A2, A3. UE1
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was placed at A1, UE2 at A2, and UE3 at A3. Recall that UE2 is not easily movable and
hence was kept at A2 for all tests. Hence, for all other locations, we only checked the rates
seen by UE1 and UE3. The results of this initial round of tests where the UEs are in good
positions, with either one, two or three UEs are presented in Table 3.6 (please refer to tests
{T1,T2,T3,T8,T9,T10,T15}).

Next, to study the impact of locations on the data rate observed by the UE(s), we
selected two additional positions where the drop in the data rate was significant enough
to categorize the positions as “fair”, and “bad”. In this regard, after multiple preliminary
tests conducted using UE1, and UE3, position D on the map was selected as the position
which would yield a “fair” rate, with MCS values observed between 15 to 17 and position
E as the “bad” position, with MCS values observed between 9 to 11. The single and
multi-UE results corresponding to these tests are presented in Table 3.6, with test ids
{T4,T5,T6,T7,T11,T12,T13,T14,T16,T17}. Note that the other positions in Fig. 3.12 are
used for our coverage study.

In order to keep the number of tests reasonable and the size of the tables manageable,
we only used 14 of the 28 testbeds to study the impact of location on performance, by
fixing the SDR to USRP B210 in this first round of tests. A second round of tests to
compare the SDR, is described later in the paper.

Results on tests conducted on “good” locations

• Impact of the RAN software: Throughout our tests we observed that srsRAN delivers
much higher UL rates, while OAI-RAN performs better on the DL, regardless of the
type of the SDR and the number or the type of connected UEs.

• Impact of the type of UE: Our tests indicate that for almost all of the single/multi-
UE scenarios, irrespective of the RAN software, the two modem-based UEs (UE2,
and UE3), outperform the phone in terms of DL rates. Focusing on srsRAN, we
observe that in single-UE scenarios (T1 vs. T2 & T3), UE1 is receiving 93% of the
DL rate of UE2 and UE3. Similarly, UE1 receives 92% and 90% of the DL rate of
UE2 and UE3, when two UEs are connected at the same time, in T8 & T9. When
it comes to T15 (corresponding to the three UEs case), UE1 is receiving only 84%
of the DL rate achieved by the other two modem-based UEs. This pattern is also
evident in the results achieved by OAI-RAN even if in the single-UE scenarios, the
difference between the DL rates of UE1 and UE3 is negligible. Indeed, there is an
8% gap between the DL rates of UE1 and UE2. Moving to the multi-UE scenarios
with OAI-RAN, we see that the gap between the DL rate of UE1 and the other two
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Table 3.6: Downlink and uplink data rate results for different tests corresponding to dif-
ferent locations and SRAN (in Mbps)

SRAN srsRAN OAI
Test #

Location UE Type DL UL DL UL

Single-UE scenarios

T1 A1 UE1 86 39.1 101 24.5

T2 A2 UE2 92.1 39.9 109 24.4

T3 A3 UE3 92.3 41.3 102 20.3

T4 D UE1 7.66 3.23 48 15.9

T5 D UE3 51.9 30.3 66 19.5

T6 E UE1 3.03 1.5 23.3 15.6

T7 E UE3 23.1 29.3 35.1 14.3

Two-UE scenarios

A1 UE1 42.5 18.9 58.8 13.8
T8

A2 UE2 45.7 17.9 65.1 11.8

A1 UE1 41.2 17.6 62.9 15.5
T9

A3 UE3 45.5 19.9 66.8 14.3

A2 UE2 46.9 16.8 57.7 12.8
T10

A3 UE3 46.8 21.2 60.2 15

D UE1 6.51 5.28 19.4 10.2
T11

A3 UE3 44.5 19.9 52.9 12.9

A1 UE1 31.8 17.7 49.6 14.2
T12

D UE3 27.8 9.87 33.9 11

D UE1 2.18 3.02 14.3 10.1
T13

A2 UE2 34 13 50.3 11

A2 UE2 43.7 16.8 53.7 11.8
T14

D UE3 16.3 14.9 35.8 12.6

Three-UE scenarios

A1 UE1 26 10.2 41.2 11.3
A2 UE2 30.6 10.9 51.7 8.44T15
A3 UE3 30.9 14.2 53.1 9.61

D UE1 5.19 4.22 14.3 6.5
A2 UE2 20.1 12.6 38.9 5.88T16
E UE3 8.16 7.22 13.3 7.79

E UE1 X X X X
A2 UE2 X X X XT17
D UE3 X X X X
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modem-based UEs increases. In two-UE scenarios, T8 and T9, UE1 achieved 90%
and 94% of the DL rate of UE2 and UE3, respectively. When all UEs are connected
in T15, UE1 is only able to receive 79% and 77% of the DL rate achieved by UE2 and
UE3, respectively. The results on the UL are difficult to interpret since on single-UE
scenarios, UE3 does better than the other UEs for srsRAN and worse for OAI-RAN.

• Cases with multiple UEs: Throughout our multi-UE tests in “good” locations, we
observed that both SRAN do seem to share the resources roughly equally among the
UEs in both UL, and DL directions. For instance, comparing T3, T8, and T15 in
the UL direction, we see that if srsRAN is used, the maximum UL rate achieved
in a single-UE scenario is 41.3 Mbps. In the two-UE scenario (T8), UE1 and UE2

receive 45% and 43% of this rate, respectively. Moreover, in T15, when all UEs are
connected, UE1, UE2, and UE3, they can send 24%, 26%, and 34% of the maximum
achieved UL rate in the single-UE scenario. If OAI-RAN is used, the maximum UL
rate achieved in single-UE scenarios is 24.5 Mbps. We see that in T8, UE1 and UE2

each can send 56% and 48% of this maximum rate, respectively. In T15, UE1, UE2,
and UE3 each can transmit 46%, 34%, and 39% of the maximum UL rate. While
OAI-RAN performs poorly in the UL, it shows better resource sharing capabilities
in multi-UE scenarios.

Observations on tests conducted on “good” locations

• Impact of the type of UE: Overall, we found it easier to work with modem-based UEs.
While srsRAN did not exhibit any apparent differences in the attachment process
of the UEs, when working with OAI-RAN, we observed that the phone, UE1, had a
harder time attaching to the testbed and maintaining its connection for three minutes
during the tests. We did not observe such a behaviour with the two modem-based
UEs, while connected to OAI-RAN.

• Effect of multiple UEs: Throughout our multi-UE tests in “good” locations, we no-
ticed that OAI-RAN crashed several times, specifically when the tests were done on
the UL direction.

Results on tests conducted on “fair” and “bad” locations

• Impact of location: The overall observation is that there is a significant difference
between the two RAN software platforms: while OAI-RAN adjusts the power au-
tomatically, srsRAN provides a static power setting mechanism, which is through
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setting the Tx/Rx gain values. This is difficult to adjust in scenarios with multiple
UEs. We carefully selected the Tx and Rx gains that resulted in the best achieved
rates in “good” positions, and maintained those values for the gNB throughout all
our tests for all testbeds, and in that case, srsRAN loses its superior performance,
in the presence of multi-UEs, each located on a different type of position. As for
OAI-RAN, the automatic power adjustment feature provides some consistency in
the results based on the locations of the UEs. We see from T1, T4, and T6 that
moving UE1 from A1 to D, and to E causes a 52% and 76% drop in the DL data
rate, and 35%, and 36% in the UL rate, respectively. Looking at UE3 (T3, T5, T7),
we see that the drop in the DL (UL respectively) rates from point A3 to D is 40%
(20% respectively), and from A3 to E is 67% (40% respectively). OAI-RAN ’s perfor-
mance is thus not impacted by the location of the connected UE in the UL direction
as much as it is in the DL. The same trend is also seen in the multi-UE scenarios
with OAI-RAN.

• Impact of the type of UE: The most unexpected observation for us was the fact that
srsRAN seems to provide very limited coverage for UE1. Comparing T4 and T5, as
well as comparing T6 and T7, you can see that while UE3 is able to achieve 51 and
23 Mbps in DL, the phone is only getting around 7 and 3 Mbps respectively. This
trend is also evident in multi-UE scenarios with srsRAN. On the OAI-RAN side, we
did observe this trend, but it was much less pronounced. For instance, comparing
T4 and T5, we see that the phone is getting 48 Mbps in the DL, while the modem is
achieving around 66 Mbps. There is certainly a difference, but it is nowhere near as
drastic as the gap observed with srsRAN.

• Effect of multiple UEs: As mentioned in the previous points, since srsRAN does not
support automatic power adjustment, the results in “fair” and “bad” locations are
very poor. Additionally, the unforeseeable discrepancy between the performance seen
by UE1 and UE3 in those locations has made this category of results for srsRAN to be
haphazard and inconsistent, not revealing any kind of pattern. However, OAI-RAN
was more reliable. OAI-RAN seems to share the Physical Resource Blocks (PRBs)
equally among users, and the final rate achieved by the UE is then determined by the
MCS value. For instance, taking a look at T3, T4, and T11, we see that in the case
of T11, the two-UE scenario, each UE is receiving roughly half of what they used
to get at the same location in the single-UE scenario, e.g., UE1 which was receiving
about 48 Mbps at D in the single-UE scenario, is now receiving 19.2 Mbps when UE3

is also connected from location A3, and UE3 which was receiving about 102 Mbps
at A3 in the sinlge-UE scenario, is now receiving 52.9 Mbps at location D, in the
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two-UE scenario.

Observations on tests conducted on “fair” and “bad” locations

• Effect of multiple UEs: We have to mention that for both software platforms, we were
unable to conduct T17. Despite attempting the test more than seven times, UE1 was
unable to maintain its connection for the duration of the test (three minutes) for
each data rate test at location E.

Second round of tests to compare the SDRs

For the second round of tests, we configured all the tests to be done on “good” locations.
The results are presented in Table 3.7. In our tests, we observed that between the two
SDRs, USRP X410 yielded better UL rates. Based on the results presented, OAI-RAN
shows the largest improvement in UL rates when USRP X410 is utilized (up to 48%
improvement). For instance, in a single-UE scenario with UE3, using {USRP B210, OAI-
RAN} results in 20.3 Mbps in UL, whereas using {USRP X410, OAI-RAN} results in a
45% improvement, reaching 29.5 Mbps. In the same scenario, if srsRAN is used, changing
the SDR from USRP B210 to USRP X410 results in no improvement. Additionally, during
single-UE scenarios, we observe the best DL performance with USRP X410. As an example,
when UE1 is the only connected UE, the combination of {USRP X410, OAI-RAN} results
in 13% improvement in DL rate, compared to {USRP B210, OAI-RAN}. For the same
scenario and UE, the combination of {USRP X410, srsRAN} improves the DL rate by 8%
compared to {USRP B210, srsRAN}.

3.6.2 Methodology & Results for Latency Assessment

Methodology

To analyze the E2E latency, we followed the same methodology as for the data rate assess-
ments, as in we used the same testbeds, elements and configurations described in the data
rate assessments. We also used the same single/multi-UE scenarios with different types of
locations. The latency tests were done using the ping command. For each assessment, a
ping command from the measuring UE to the IP address of the AMF in the core network
was conducted. Based on our observations, having multiple connected UEs did not affect
the E2E latency experienced by each UE. Furthermore, the positions of the connected
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Table 3.7: Data rate results for two SDRs (in Mbps)

SDR USRP B210 USRP X410
SRAN srsRAN OAI srsRAN OAI

DL UL DL UL DL UL DL UL
Single-UE scenarios

UE1 86 39.1 101 24.5 92.9 40.4 115 25.5

UE2 92.1 39.9 109 24.4 92.1 40.9 115 33.3

UE3 92.3 41.3 102 20.3 92.9 41.3 115 29.5

Two-UE scenarios

UE1 42.5 18.9 58.8 13.8 45.3 17.7 66.9 17.2
UE2 45.7 17.9 65.1 11.8 46.8 21.3 66.9 17.5

UE1 41.2 17.6 62.9 15.5 48 16.7 62.2 18.2
UE3 45.5 19.9 66.8 14.3 44.5 20.2 62.6 16.5

UE2 46.9 16.8 57.7 12.8 48.5 21.3 61.3 16.4
UE3 46.8 21.2 60.2 15 45.1 20 61.4 14.9

Three-UE scenario

UE1 26 10.2 41.2 11.3 28.4 13 46.1 8.1
UE2 30.6 10.9 51.7 8.44 24.3 13.8 46.1 11.3
UE3 30.9 14.2 53.1 9.61 30.8 13.9 46 10.3

UEs also did not appear to influence the final result. Therefore, to simplify comparisons,
we only report on the latencies achieved by different types of UEs in single-UE scenarios,
where each UE is located in a “good” position. Table 3.8 presents our results.

Impact of the RAN software

Similar to the data rate tests, we observe the impact of the choice of SRAN on the E2E
latency. Although recent updates for both software platforms have brought the data rates
closer together, a significant difference in the latency results persists. OAI-RAN out-
performs srsRAN in this regard. Comparing the latency results achieved by UE1, when
connected to USRP B210, we find that when we have the shortest E2E latency results for
both SRAN , the result achieved by OAI-RAN is 70% shorter than that of srsRAN.
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Table 3.8: E2E latency between the UE and 5GC (in ms)

SDR USRP B210 USRP X410
SRAN srsRAN OAI-RAN srsRAN OAI-RAN

UE1 27 8 29 8

UE2 31.8 10.4 31.2 11.3

UE3 33 13 34 15

Impact of the type of UE

Table 3.8 shows that the type of UE plays some role in the final E2E latency. Notably,
UE1 consistently achieved lower latency compared to the modem-based UEs. Additionally,
within the modem-based UEs, UE2, which is a modem connected to a Linux system shows
slightly superior performance compared to UE3, the same modem, connected to a Windows
laptop.

Comparison between the SDRs

In our tests, we found that other than for two scenarios, the measured latencies were
relatively consistent regardless of the SDR device used. The two exceptions are, the latency
result achieved by UE1 with {USRP B210, srsRAN} is 6.9% less than with {USRP X410,
srsRAN}, the latency result achieved by UE3 with {USRP B210, OAI-RAN} is 13% less
than with {USRP X410, OAI-RAN}.

3.6.3 Methodology & Results for Coverage Assessment

Methodology

We assess the coverage of four testbeds using UE1, specifically focusing on the impact of
the SDR and SRAN . These included combinations of {srsRAN, OAI-RAN } for the SRAN ,
alongside {USRP B210, USRP X410}. All the measurement locations are indicated on the
map, as shown in Fig. 3.12, by purple circles. At each location, we utilized the 5G Switch
- Force 5G Only application on UE1 and recorded the RSRP values in Table 3.9 (Please
note that any cell with X as their value in the table, indicate a disconnection).
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Impact of the software

Due to the automatic power adjustment feature, OAI-RAN outperforms srsRAN in terms
if coverage support. A notable observation was that in areas with very poor signal strength,
such as points L, G, orM , OAI-RAN exhibited a tendency to crash frequently. In contrast,
srsRAN gNB at such points continue to run, but the UE is unable to find any connections.

Comparison between the SDRs

Comparing the coverage maps of the two SDR devices, it is evident that USRP X410
exhibits a superior performance. However, the impact of the SRAN is more influential.
Specifically, the testbed utilizing {OAI-RAN, USRP B210} exhibits a better efficacy com-
pared to {srsRAN, USRP X410}.

3.6.4 Methodology & Results for Computational Resource Con-
sumption of the Open-source RAN Software

Methodology

There are two aspects to the analysis of resource consumption for the open-source software
platforms. First, how each RAN software consumes the available computational resources,
and second, how the choice of the host PC affects the performance achieved by the UEs.
To answer the first question, we set up testbeds using {srsRAN, OAI-RAN } as their SRAN ,
Open5GS as S5GC , and set the host PC for the software platforms as PC #1. Please note
that PC #1 is our more powerful computer with 16 CPU cores, running at the frequency of
3.5 GHz. We are specifically interested in determining the maximum resource consumption
by each SRAN in a full buffer scenario in both UL and DL transmissions, for single and
multi-UE scenarios. This allows us to gain insight into the worst-case computational
consumption scenario for each software platform.

Observations on CPU utilization

Please see Fig. 3.13, that shows the CPU utilization as a function of the number of con-
nected UEs.
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Table 3.9: Signal strength measurements (in dBm)

SRAN srsRAN OAI-RAN
SDR B210 X410 B210 X410

A2 -100 -84 -92 -74

B -109 -100 -107 -85

C -109 -101 -107 -91

D -119 -110 -113 -102

E -125 -114 -119 -106

F -131 -121 -122 -106

G X -127 X -108

H -124 -115 -116 -106

I -130 -119 -120 -111

J -118 -113 -115 -99

K -127 -120 -125 -111

L -135 -127 X -114

M X X X -117

N X X X -116

O X X X -120

54



• Traffic direction effect, UL vs. DL: At first glance, we observe a trend with OAI-
RAN : the DL traffic appears to be less CPU-hungry than the UL. This trend is
reversed for srsRAN, i.e., the UL traffic seems to require fewer CPU cores. An-
other important observation is the significant difference in computational resource
consumption between srsRAN and OAI in the DL direction. With a single UE, OAI
consumes 73% of one CPU core, whereas srsRAN consumes 1.2 CPU cores, indicat-
ing a drastic gap in resource utilization (Please note that none of the SRAN utilized
more than 2 cores of PC #1).

• Effect of multiple UEs: There is a gradual increase in the resource consumption for
both SRAN as the number of connected UEs increases.

Figure 3.13: CPU utilization as a function of number of UEs for OAI and srsRAN in UL
and DL

Observations on memory utilization

Our results indicate that the CPU is the primary bottleneck resource, while memory usage
remains relatively consistent. In all scenarios, OAI-RAN consumed a maximum of 3% of
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Table 3.10: The effect of host PC computational power

Performance Metric
Data Rate
(in Mbps)

Latency
(in ms)

SRAN Host PC DL UL Min AVG
srsRAN PC #1 92.1 39.9 12 27
srsRAN PC #2 46.9 39.9 11 37
OAI-RAN PC #1 109 24.4 7.6 10.1
OAI-RAN PC #2 99.4 24.5 7.1 10.5

the memory, whereas srsRAN never exceeded 10.2% of the memory.

Observations on the effect of the host PC

For this round of tests, utilizing the less powerful PC, PC #2, we established two additional
testbeds with the two open-source RAN platforms and UE1. This setup aims to compare
the data rate and latency results with those obtained previously using PC #1 as the host
PC. Our primary interest lies in observing the performance of each SRAN under varying
CPU budgets, as highlighted in the previous section, where it was noted that not all CPU
cores were fully utilized by any of the SRAN platforms. Please note that, PC #1 operates
at a base frequency of 3.5 GHz, while PC #2 runs at a frequency of 2.9 GHz. The results
are presented in Table 3.10.

• Impact of the host PC on srsRAN: There is a significant difference in the achieved
performance of srsRAN when changing the host PC. This effect is mainly evident in
the DL rate and the E2E latency experienced by the UE. When srsRAN is running on
PC #2, the DL rate drops to almost half of what is achievable when running srsRAN
on PC #1 (from 92.1 Mbps to 46.9 Mbps). Additionally, the average latency increases
by 37%. These results are consistent with the findings reported in [48], where the
authors report achieved DL and UL rates of 123 Mbps and 39 Mbps, respectively,
using a host PC more powerful than our PC #1.

• Impact of the host PC on OAI-RAN: OAI-RAN appears to be less sensitive to the
host PC, as the change in achieved performance when switching the host PC is not
as significant as it is with srsRAN. Although there is about a 9% increase in the
DL rate, when using the more powerful PC, the UL rate and average latency remain
almost the same.
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3.7 Conclusion

In this chapter, we presented a comprehensive assessment of the performance achieved by
UEs connected to 5G-SA single-cell experimental testbeds. We built, analyzed, and com-
pared 35 distinct testbeds using well defined metrics, and measurement tools. Moreover,
we outlined a precise methodology for conducting tests in each section. Our discussions
into the performance of each testbed in both single and multi-UE scenarios, highlighted:

• The challenges we faced while implementing our initial testbed and the lessons we
learned.

• The interoperability assessments of open-source 5G software platforms, with respect
to the two open-source RAN and 5GC software platforms were successful. Moreover,
we provided the configuration parameters, that allowed for successful implementation
of “multi-source” testbeds.

• The performance achieved by the UE attached to testbeds with two different 5GC
software platform, while fixing all other elements in all other parts, does not show a
noticeable dependency on the specific open-source 5GC software.

• The performance of 5G open-source software and COST hardware for the RAN,
across 30 5G-SA testbeds. We observed that between the two open-source RAN
platforms, srsRAN provides a more robust UL connection and higher rates. However,
in the DL, OAI-RAN outperforms srsRAN. Additionally, OAI-RAN leads in terms
of E2E latency. For the two SDR devices, we found that USRP X410 provided more
coverage and better performance for the UE compared to USRP B210.

• How the type of RAN software and location of each connected UE impact the perfor-
mance. Specifically, we observed that, due to the lack of automatic power adjustment
in srsRAN, OAI-RAN provides superior coverage and data rates for the UEs located
far from the SDR.

• Additionally, we explored the interoperability of different UE types with various
hardware and software elements of the RAN. In this regard, we found that UE1,
the Android phone, often exhibits lower data rates compared to the other two UEs,
which are both modem-based. Conversely, UE1 achieved lower E2E latency in most
scenarios.”
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• Finally, we evaluated the computational resource consumption of each software plat-
form in both single and multi-UE scenarios. We saw that, with close proximity
between the UE and the SDR device, srsRAN can deliver exceptional data rates
when hosted on a powerful computer. On the other hand, OAI-RAN’s performance
appeared to be less dependent on the computational resources of its host PC.
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Chapter 4

Uplink Scheduling

This chapter focuses on enhancing the “user scheduling” process in srsRAN, one of the
two open-source RAN platforms discussed in the previous chapter. This chapter also serves
as a showcase of the practicality of experimental testbeds, particularly for the research
community.

“User scheduling” is a critical procedure that allocates radio resources and power to
UEs on a very short time scale. It is performed in both DL and UL, but the implementation
is different for each direction, primarily due to differences in power budgets and interference
management [63].

Unfortunately so far, the literature has been more directed on improving user scheduling
for DL, with most studies relying heavily on simulations for their evaluations. To the best
of our knowledge, only two papers [75, 41] have utilized experimental 5G-SA testbeds
to assess or enhance scheduling algorithms. Notably, both have been limited to (i) the
scheduling process on the DL direction, and (ii) employed OAI-RAN as their chosen RAN
software platform. In the previous chapter, we observed that OAI-RAN exhibited poor
performance in the UL direction compared to srsRAN. Therefore, considering the two
points mentioned earlier, along with OAI-RAN’s UL performance, we decided to focus on
studying the UL scheduling mechanism implemented in srsRAN and explore avenues to
enhance it.

The existing scheduler implemented in srsRAN is a basic scheduler that considers only
the number of users with UL traffic, and the number of bits to be transmitted when deciding
how many resource blocks to allocate to each UE. In the case of a single-UE, assuming a
full buffer scenario, this scheduler allocates all available channels to the UE.
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In this chapter, we present our study to improve the UL scheduler implemented in the
srsRAN platform by showing that a single UE might do better if allocated less PRBs in
a time slot. We must inform the reader that the outcome of this chapter was a mitigated
success. Due to unexpected limitations of the testbed, we were only able to evaluate our
approach in single-UE scenarios; unfortunately, multi-UE tests could not be conducted
in a satisfying way (i.e., with consistent results). Before diving into the details of our
proposal, it is important to provide some context and background. The following sections
are dedicated to introducing a few important concepts, followed by the literature survey.

4.1 Overview of 5G’s Physical Channels

5G defines different types of physical channels for the exchange of data or control messages
between the gNB and the UEs:

1. Physical Downlink Shared Channel (PDSCH) is mainly used to transmit data from
the gNB to the UEs in the dowlink.

2. Physical Uplink Shared Channel (PUSCH) is mainly used to transmit data from the
UE to the BS.

3. Physical Downlink Control Channel (PDCCH) carries DL control information such
as resource allocation, and scheduling information.

4. Physical Uplink Control Channel (PUCCH) carries UL control information such as
the scheduling requests, or CSI.

5. Physical Broadcast Channel (PBCH) broadcasts the parameters from the base station
to UEs to synchronize with the cell and establish the initial communication.

6. Physical Random Access Channel (PRACH) is used for initial access and random
access procedures, allowing UEs to initiate communication with the network.

4.2 PRB, SINR, MCS, and the Rate
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-PRB: A PRB is the smallest unit of the radio resources that can be allocated, in the
5G resource grid. For each SCS configuration, with its corresponding numerology, PRBs
are numbered in each time slot, starting from 0 up to a maximum value determined by the
size of the bandwidth in use. For instance, where the SCS is 30 kHz, a 40 MHz bandwidth
consists of 106 PRBs. Please note that, in the UL out of the 106 PRBs, the last three
are set for the exchange of control messages over PUCCH. 3GPP has listed the number of
PRBs in [34], as in Table 4.1:

Table 4.1: Maximum transmission bandwidth configuration for FR1

Bandwidth (MHz)
SCS (kHz)

5 10 15 20 25 30 35 40 45 50 60 70 80 90 100
15 25 52 79 106 133 160 188 216 242 270 N/A N/A N/A N/A N/A
30 11 24 38 51 65 78 92 106 119 133 162 189 217 245 273
60 N/A 11 18 24 31 38 44 51 58 65 79 93 107 121 135

-SINR: Signal to Interference Noise Ratio (SINR) represents the ratio of the useful
received signal power to the combined interference and noise power per-PRB, and serves
as an indicator of the quality of the received signal. It is defined for user u, on subchannel
c, in time slot t as:

γc,t
u =

P c,t
u ×Gc,t

u

σ2
(4.1)

Where P c,t
u is the transmit power used by user u, on subchannel c, in time slot t, and

Gc,t
u is the channel gain between user u and BS, on subchannel c, in time slot t, and σ2

is the noise plus interference at BS. Obviously, the higher the SINR, the better the signal
quality and channel conditions. In srsRAN, there is one value of SINR per user, per time
slot, which means that:

Gc,t
u = Gt

u, and P c,t
u = P t

u

Moreover, the per-timeslot power budget of user u in time slot t, P t
u is distributed

equally on all the subchannels allocated to user u, in time slot t. Hence, if user u is
allocated mt

u PRBs, in time slot t, then:

γc,t
u =

P t
u ×Gt

u

mt
u × σ2

(4.2)
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Note that mt
u is selected by the UL scheduler implemented in the gNB given an SINR.

The rate can be obtained using what is described next. Please note that, we will remove
the index for time slot t in the following.

-MCS: Modulation and Coding Scheme (MCS) determines the modulation type and
coding rate to use for a data transmission based on the channel quality. When the SINR
is high, higher-order modulation schemes (e.g., 64-QAM or 256-QAM) and higher coding
rates are selected to transmit more data bits per PRB. Conversely, when SINR is low,
indicating poor channel conditions, the system switches to lower-order modulation schemes
and lower coding rates, which are more robust to noise and interference but transmit fewer
bits per PRB. This dynamic adjustment ensures data is efficiently transmitted, taking the
environment condition into account.

To ensure that the UE follows a well-defined procedure to determine the appropriate
MCS for the PUSCH, the mapping between the MCS and the corresponding modulation
order (Qm) and target code rate, is standardized by 3GPP, as defined in [33] and specified
in Table 5.1.3.1-1. However, the mapping between specific MCS values and their corre-
sponding SINR ranges is not standardized by 3GPP and is vendor-specific. Table 4.2 is
the MCS table which has been implemented in srsRAN. This table can be found in the
source code at:

srsRAN Project/lib/scheduler/support/mcs calculator.cpp, available at [19].

This table shows the minimum required SINR for each MCS index. As mentioned
by the srsRAN developers, the following steps have been taken to derive the minimum
required SINR value for a given MCS index, using a test scenario with Single Input Single
Output (SISO) configuration over a 20 MHz bandwidth with TDD duplexing mode:

1. To determine the minimum required SINR value for a specific data setting, the gNB
and UE are connected using ZeroMQ [24]. ZeroMQ is a virtual radio interface that
transfers radio samples between two applications, i.e., the gNB, and the UE. This
connection is set to have varying SINR and channel conditions.

2. Initiate UL traffic from the UE to the 5GC.

3. Monitor the Block Error Rate (BLER) during periods when the SINR remains con-
stant and confirm that the BLER is 0% for the selected MCS.

4. If errors are detected (BLER is not 0%) in step 3 then, increase the SINR value in
the table corresponding to the MCS chosen.

It is important to note that Table 4.2 has a critical impact on the performance.
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Table 4.2: The uplink MCS-SINR (64 QAM) mapping used in srsRAN

MCS
Index

SNR
(dB)

Rate
(bps/Hz)

MCS
index

SNR
(dB)

Rate
(bps/Hz)

0 -5.7998 0.2344 15 10.4000 2.4063
1 -3.5500 0.3066 16 11.1540 2.5703
2 -2.9250 0.3770 17 12.1070 2.5664
3 -2.5625 0.4902 18 12.5250 2.7305
4 -1.0500 0.6016 19 13.0625 3.0293
5 0.98266 0.7402 20 13.5250 3.3223
6 1.6250 0.8770 21 13.9375 3.6094
7 2.5425 1.0273 22 14.1160 3.9023
8 3.4175 1.1758 23 14.5525 4.2129
9 4.3548 1.3262 24 14.9725 4.5234
10 5.3695 1.3281 25 15.3450 4.8164
11 5.8250 1.4766 26 15.9175 5.1152
12 6.6375 1.6953 27 16.0425 5.3320
13 7.6375 1.9141 28 16.591 5.5547
14 9.5875 2.1602
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4.3 Scheduling Process as Specified by 3GPP

Scheduling, in its simplest form, can be defined as the coordination process between the
gNB and the UEs to facilitate data transmission.

Scheduling plays a critical role in determining the achieved throughput by the UEs.
While scheduling algorithms are proprietary and not defined by 3GPP [51], an efficient
scheduler is crucial for maximizing radio resource (i.e., PRB) utilization and ensuring high
throughput for UEs. The scheduling procedure involves the UE sending measurements
to the gNB, providing the gNB with information about their data buffer status and QoS
requirements.

Figure 4.1: Scheduling flowChart

The scheduling algorithm then takes this information along with information measured
locally such as the UE radio conditions as input, and then decides how to assign PRBs to
specific UEs in a given time slot.

Measurement reports are essential for enabling the scheduler to operate effectively. For
instance, when it comes to the buffer status, i.e., the indicator of how much data is going
to be transmitted, in the DL, the gNB inherently knows the buffer status for each UE,
while in the UL, the UE is the node with the data and has to transfer its buffer status to
the gNB to inform the scheduler about its transmission. The radio condition experienced
by the UE is also an important factor, since it dictates the SINR along with the number
of allocated PRBs.

Downlink Scheduling: In the downlink, the gNB dynamically allocates resources to
each UE and announces the scheduling outcome via the PDCCH. Each UE continuously
monitors the PDCCH for potential assignments. In the case of latency-sensitive data, the
gNB may pause an ongoing PDSCH transmission to a UE and immediately schedule the
transmission of the latency-sensitive data to the designated UE.

64



Uplink Scheduling: The core concept of scheduling is similar in both the UL and DL.
However, there are key differences: i) while in the downlink, the scheduler has extensive
information readily available (e.g., data buffer status), in the uplink, the gNB relies on
measurements reported by the UEs; and ii) the power budget for transmission is also
a crucial factor. In the downlink, this information is known to the scheduler since the
power comes from the gNB. In contrast, in the uplink, each UE has its own power budget.
Similar to the downlink, the gNB dynamically allocates resources to UEs in the uplink via
the PDCCH. Each UE continuously monitors the PDCCH for potential grants for uplink
transmission.

It is important to emphasize that scheduling algorithms are not defined in the 3GPP
specifications. While the standard outlines the signaling flow between the gNB and the UEs
to support scheduling processes and includes provisions for measurement collection on data
buffers and radio conditions, it deliberately avoids prescribing how this information should
be used. The design and implementation of scheduling algorithms are left to vendors, who
are tasked with developing solutions that not only maximize data throughput within the
cell but also address specific priorities, unique to each of them (such as higher priority for
low-latency services).

4.4 Power Control

Power control is a technique used to adjust the transmit power of a UE to maintain
signal quality at the gNB, while limiting inter-cell interference, and control the UE’s power
consumption [32]. Like 3G and 4G, 5G uses open-loop and closed-loop mechanisms to
adapt power levels based on radio conditions and feedback.

Open Loop Power Control (OLPC) refers to the UE u’s ability to set its transmit power
based on the values mu and αu, which are provided by the gNB, and represent the number
of channels allocated to the UE, and the path loss compensation factor (assuming channel
reciprocity), respectively. This means that the power budget Pu, available for use by the
UE, is determined as follows:

Pu = min (Pmax,∆(P u
PL)

αumu) (4.3)

where Pmax is the UE’s maximum power per time slot, ∆ is the target receive power, and
P u
PL is the path loss power. Please note that the values of P u

PL and ∆ are known to both
the gNB and the UE.
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This method allows the UE to estimate its appropriate transmit power level using only
mu, and αu, which facilitates initial access and helps maintaining communication quality
in varying radio conditions.

Closed Loop Power Control (CLPC), on the other hand, involves a dynamic adjust-
ment of a UE’s transmit power budget based on a special feedback from the gNB. In this
approach, the base station measures the SINR, compares it to the target SINR, considers
the reported Power Headroom Report (PHR) from the UE, and sends a Transmit Power
Control (TPC) command instructing the UE to increase or decrease its transmit power
accordingly. PHR is a UE measurement which shows the difference between the nominal
UE maximum transmit power and the estimated power for uplink transmission, and can
be used to provide support for power-aware scheduling.

In CLPC, the power budget Pu, that can be used by the UE is determined by:

Pu = min (Pmax,∆(P u
PL)

αumu + TPCu) (4.4)

where Pmax is the UE’s maximum power per time slot, ∆ is the target receive power, P u
PL is

the path loss power, αu is the path loss compensation factor, mu is the number of channels
allocated to UE u, and TPCu is the TPC correction factor. Here, mu, αu, and TPCu

are all provided to the UE by the base station. CLPC enables real-time adjustment of
transmit power, effectively compensating for rapid changes in the radio environment.

The combination of OLPC and CLPC mechanisms provides a strategy for managing
transmit power in wireless networks. While open loop control offers a quick power setting,
closed loop control and its feedback-based adjustments, is great for fine-tuning the transmit
power to account for real-time variations in the communication channel, such as fading.

Please note that srsRAN Project v23.10.1 does not include any power control among
its supported features, i.e., the UE always uses its full power budget in a time slot when it
is allocated PRBs. In fact, to verify the status of the power control mechanism in srsRAN,
we delved deeper into the code and discovered that the specific version of srsRAN we
used implements OLPC with a very large value for “target receive power”, which is ∆ in
Equation 4.3. Please take a look at line 440 in:

srsRAN Project/lib/scheduler/config/serving cell config factory.cpp

We see that the value set for ∆ is extremely high (-76 dBm). With such a high value,
equation 4.3 always returns Pmax, which effectively disables OLPC, and forces the UE to
transmit at maximum power. Our measurements confirm this.
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4.5 Uplink Scheduling in the Literature

Scheduling algorithms have been extensively studied for many years, resulting in a rich
body of literature. This includes a wide range of publications, ranging from tutorials, and
surveys [63, 49, 59, 57, 76], to new algorithm proposals [78, 67, 72, 56, 70, 52, 53, 47, 61,
63, 71, 54].

As mentioned before, the literature is more abundant for the DL (e.g., [77, 35]), with
many papers introducing innovative downlink schedulers over the years. In contrast, the
research on the UL is considerably more limited, which can be attributed to the inherent
complexity of UL user scheduling. Moreover, the number of experimental studies [75, 41,
73] remains exceptionally scarce and focuses predominantly on the DL direction.

Scheduling aims to balance throughput, fairness, and QoS requirements. Over the
years, various scheduling algorithms have been developed, ranging from simple metric-
based methods to more sophisticated Machine Learning (ML), and optimization-based
approaches.

Metric-based scheduling [78, 67, 72, 56, 70] is one of the simplest and most widely
implemented techniques. It relies on predefined metrics, which may include UE-side mea-
surements, such as SINR, or Head-of-Line delay (the time a packet spends in the buffer
before being sent), to make scheduling decisions. The scheduling process involves rank-
ing the users according to their metric priority and generating a mapping table that links
each PRB to a specific UE. For example, Max-Channel Quality Indicator (CQI) schedul-
ing prioritizes users with the best channel quality for maximizing throughput [67], while
Round Robin (RR) scheduling is a simple scheme that treats all users equally, ensuring
fairness without taking channel conditions into account [78]. Moreover, another popu-
lar metric-based scheduling approach is max-rate, where the scheduler’s goal is to maxi-
mize the system’s throughput without taking the performance of individual UEs into ac-
count [72, 56]. Also, delay-based techniques like Largest Weighted Delay First (LWDF) [70],
are channel-unaware, and designed for use-cases like Ultra-reliable Low Latency Commu-
nications (URLLC). They prevent deadline expiration by incorporating the Head-of-Line
delay as the scheduling metric. Metric-based scheduling is computationally efficient and
highly suitable for real-time systems due to its low complexity. However, it may lead to
sub-optimal system performance as it focuses on local, user-specific decisions rather than
the global network state.

Optimization-based scheduling [52, 53, 47, 61, 63] takes a more systematic approach,
formulating resource allocation as an optimization problem to maximize or minimize spe-
cific objectives, such as network throughput, fairness, or energy efficiency. This approach
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considers the entire system state (i.e., all relevant network parameters and conditions) to
be known. Therefore, by using tools like linear programming, convex optimization, or
heuristic algorithms, optimal solutions under constraints like power limits and QoS re-
quirements can be obtained. For example, an optimization-based scheduler may allocate
resource blocks in a way that maximizes the total throughput of the system [52, 53], while
another approach can add constraints like ensuring minimum bandwidth for all users to the
same objective [61, 47]. While optimization-based scheduling techniques deliver superior
performance in theory, they are computationally intensive and challenging to implement
in real-time, especially in dynamic networks with many users.

ML-based scheduling [62, 71, 54] introduces a data-driven perspective, utilizing ML
models to predict and make scheduling decisions based on historical and real-time network
data. Techniques such as supervised learning can be employed to predict user throughput
or delay, while Reinforcement Learning (RL) models can learn policies to optimize long-
term network performance, e.g., [62]. A deep learning-based approach that dynamically
adapts uplink resource allocation to maximize throughput while considering the coupled
binary constraint (which ensures that each PRB can be allocated to a single UE at most) is
proposed in [54]. While ML-based approaches are highly adaptive and capable of managing
complex, nonlinear relationships in network parameters, their performance is closely tied
to the quality and diversity of the training dataset, as well as the availability of sufficient
computational resources.

The key differences between these approaches lie in their complexity, adaptability, and
system-wide optimality. Metric-based scheduling is fast and straightforward but may sacri-
fice performance for simplicity. Optimization-based scheduling provides optimal solutions
but is computationally expensive and not practical for real-time applications. ML-based
scheduling offers a balance, combining adaptability and intelligent decision-making, but
relies on data and training, which can be resource-intensive.

One of the main objectives of scheduling algorithms is to maximize a rate-based utility
function, making the choice of the rate function (that maps the SINR into into an MCS)
critical to their performance. A key distinction in this context lies between the theoretical
and practical perspectives. The Shannon capacity formula for Gaussian channels that
computes the rate as B log2(1+SINR), where B is the bandwidth, is widely adopted in the
literature as a benchmark due to its simplicity and nice properties. This formula assumes
ideal conditions, such as infinite-length codewords generated from a normal distribution.
However, practical systems, including open-source implementations of 5G RAN platforms,
operate under different constraints, where achievable rates are limited to a discrete set
defined by predefined MCS. Table 4.2 is an example of discrete MCS, from srsRAN Project,
alongside the corresponding SINR thresholds. Specifically, each MCS level is associated
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with a unique SINR threshold, and an MCS level is selected only when the estimated SINR
exceeds its threshold. This results in a piecewise constant rate function, as depicted in
Fig. 4.2, which accurately reflects the constraints and realities of practical implementations.

Looking at Fig. 4.2, one key difference between the two rate functions is when the
SINR falls below the minimum value required by the MCS table (e.g., -5.7 dB in the case
of srsRAN Project). In this situation, while the Shannon rate function still indicates a
positive rate, meaning a non-zero rate is theoretically achievable, the UE will actually
have no rate in practice because the MCS table does not support any rates below this
SINR threshold. This key difference has an enormous impact on scheduling as will be
discussed later.

Figure 4.2: Achievable rate by Shannon vs. MCS function in linear and dB scales
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4.6 UL Scheduling in srsRAN

srsRAN employs a simplified scheduling mechanism. For the UL, the scheduling process
operates as follows:

1. First, the scheduling algorithm considers the buffer status reported by each UE.

2. Next, UEs with retransmissions get prioritized for an UL transmission over others,
regardless of their buffer status. Then, based on the number of remaining UEs
with UL traffic, and their reported buffer status and the scheduling policy, UEs are
ranked. srsRAN supports two scheduling policies: round-robin (the default) and
proportional fairness. The source code for the two scheduling policies, can be found
at: srsRAN Project/lib/scheduler/policy

in the project’s Github page. Please note that, as we will explain later, some other
parts of the srsRAN code also affect the output of the scheduler, regardless of the
policy used, making understanding the scheduler challenging.

3. Finally, the scheduler allocates the remaining PRBs after allocating PRBs for re-
transmissions, to UEs based on the ranking in the previous step.

It is important to note that srsRAN does not consider the channel condition, e.g.,
the SINR experienced by the UE in its scheduling RR algorithm (it does it with the
Proportional Fairness (PF) algorithm, which will be discussed later).

4.6.1 Round Robin

Round Robin (RR) allocates equal number of PRBs to the UEs that are set to have an
UL transmission for the next time slot. RR is the most basic scheduling strategy. It
ensures that an equal share of PRBs is allocated to each scheduled UE. The RR code is
implemented in “lib/scheduler/policy/scheduler time rr.cpp”, and Algorithm 5, is
a pseudo-code of the RR implementation in srsRAN.

Overall, this code schedules resources in a time-domain RR fashion, supports multiple
UEs while adhering to specific constraints and priorities in terms of the resources. It begins
by defining a structure scheduler alloc limits, which sets a limit on the number of UEs
that can be scheduled per time slot. This is based on a heuristic that has been defined
by the srsRAN team. Then, the function compute max nof rbs per ue per slot, calcu-
lates the maximum number of PRBs to allocate per UE, considering the current pending
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Algorithm 5 High-level overview of srsRAN’s Round Robin Scheduler, full-buffer scenario

1: Input: UE database, Resource Grid
2: Output: Scheduled UL grants
3: for all UE in UE database do
4: if UE has pending UL data then
5: Fetch UL HARQ candidates
6: if HARQ candidate available then
7: Allocate PUSCH grant to the UE
8: else
9: Skip UE
10: end if
11: end if
12: end for
13: Update the number of available PRBs
14: Round Robin Scheduling:
15: Fetch the number of UEs to schedule in a time slot based on this heuristic lookup= {
16: {3 DU UEs, 1 UE tobe Scheduled},
17: {7 DU UEs, 3 UEs tobe Scheduled},
18: {15 DU UEs, 4 UEs tobe Scheduled},
19: {32 DU UEs, 6 UEs tobe Scheduled},
20: {MAX NOF DU UES, 8 UEs tobe Scheduled}
21: };
22: Number of allocated PRBs to scheduled UEs = Number of available PRBs ÷

Number of UEs to be Scheduled
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transmission states of the UEs. The code also includes functions to fetch candidates for hy-
brid automatic repeat requests (HARQ), ensuring that retransmissions are prioritized over
new transmissions. Finally, the alloc ul ue function is responsible for granting resource
allocations to UEs, checking their status and available HARQs.

This implementation is not a typical RR strategy. As mentioned, there is a table that
limits the number of active users in each time slot. For instance, if there are four UEs
with new transmissions waiting for a grant for UL, only three will be selected for the next
time slot, and the remaining PRBs from the retransmissions will be divided equally among
them. Moreover, UEs with retransmissions cannot receive more PRBs than what their
initial transmissions require.

4.6.2 Proportional Fairness

In PF scheduling, after allocating the resources to UEs with retransmission, each active
UE not involved in retransmission is assigned a weight directly proportional to the bit
rate it can achieve in the next time slot (which is a function of its SINR), and inversely
proportional to its recent data usage. The UEs are then scheduled based on a weighted
RR on a time slot basis, i.e., there is at most one UE selected in a time slot that is not
involved in retransmissions. The PF algorithm balances maximizing spectral efficiency
with fairness, ensuring that users who were neglected in previous rounds receive higher
priority, hence addressing resource starvation and improving overall data rate distribution.
The PF code is implemented in “lib/scheduler/policy/scheduler time pf.cpp”.

It is important to mention that although both scheduler strategies we just discussed
are implemented in srsRAN, RR is set to be the default scheduler. However, adding the
following lines to the configuration file of the gNB makes it possible to change the scheduler
to PF:

cell_cfg:

cell_cfg:

sched_expert_cfg:

policy_sched_cfg:

pf_sched:

pf_sched_fairness_coeff: 2.0

We decided to work with the RR scheduler due to its simpler implementation compared
to the PF scheduler. Moreover, on a single-UE setup, the two schedulers (RR, and PF),
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yield the same output in terms of the number of PRBs allocated to the UE. Meaning that,
if the UE has UL traffic (full buffer scenario), both schedulers will allocate the entire 106
PRBs to it. Next, for the multi-UE scenarios, srsRAN’s implementation of PF does not
allow simultaneous UL transmissions from multiple UEs in a single time slot. Instead, every
time slot the UE with the highest priority will be allocated the entire set of PRBs. On the
other hand, srsRAN’s RR scheduler does support multiple simultaneous UL transmissions,
using a simple heuristic for resource allocation. For this reason, we decided to use RR as
our benchmark.

4.7 Single-UE Case: Allocating the right number of

PRBs per time slot

Now that we have laid the groundwork, we can introduce our approach to enhancing the
UL scheduler implemented in srsRAN.

A crucial aspect of the default scheduling strategy of srsRAN, is that, assuming a full
buffer scenario, it aims to allocate as many PRBs as possible to each UE, based on the set
policy. For example, if a single UEs has a new UL transmission, under RR, in each time
slot, it will be allocated the entire available set of PRBs.

Our goal is to refine this allocation process to enhance overall system performance, in
terms of UE’s achieved data rate. We argue that UEs are not greedy in the number
of PRBs [63], i.e., they do not necessarily want as many PRBs as the gNB could allocate
to them.

Specifically, we answer the following important question, “What is the number of PRBs
to allocate to an individual UE, based on its SINR, to offer it the highest data rate?”

Let us assume that the average channel gain in a time slot for user u, is given by Gu

and Pu is the transmit power budget used by user u. Moreover, let σ2 be the noise plus
interference at BS.

Let l be the MCS index (based on Table 4.2, l can take integer values from 0 to 28).

Given l, the number of PRBs to allocate to user u is mu
l = min

(
C ′,

⌊
PuGu

βℓσ2

⌋)
. Where C ′

is the maximum number of PRBs based on the bandwidth, available to the PUSCH for
uplink data, excluding the PRBs reserved for the PUCCH for uplink control signaling, and
numerology (as defined in Table 4.1), and βl is the SINR threshold that corresponds to
MCS level l, and is given in Table 4.2. This is because mu

l ≤ C ′, and PuGu

mu
l σ

2 ≥ βl.
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The rate seen by user u can be defined as mu
l rl. Recall that we defined the measured

SINR at the UE to be PuGu

σ2ml
, assuming equal power allocation. Please recall that power

control mechanism is not supported by srsRAN.

Then the number of PRBs which maximizes the total UL rate of user u, is then given
by solving,

m∗
u = Argmax

mu
l

{mu
l rl} (4.5)

along with the MCS index:

l∗u = Argmax
l

{mu
l rl} (4.6)

In general, for practical settings m∗
u < C ′, meaning that UE benefits from using less

PRBs than C ′.

Given Pu, Gu, and σ2, we can calculate m∗
u. For example, if Pu = 0.02W , Gu = 2dBi,

and σ2 = 39.13W , then m∗
u = 80 < C ′ = 103.

We plan to change srsRAN’s scheduler code in a way that instead of allocating C ′ to
the single UE, it allocates a number of PRBs to it equal to X. We will try different values
of X and see if the best value equals m∗

u. After recompiling the code, we can perform
experimental validation on the testbed. This is the first step towards the development of
a more efficient scheduler.

4.8 Multi-UE Case: Allocating the right number of

PRBs to multiple UEs per time slot

Having established how to compute m∗
u for each UE u individually, we can now discuss a

possible mechanism for efficiently sharing the available PRBs among multiple UEs. Given
C ′, the number of available PRBs to PUSCH, the set U of active UEs, we have:

1. The resource blocks required for the retransmissions are allocated first.
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2. Let the number of available PRBs after step 1, be C ′′, and the set of active UEs with
new transmissions be U ′.

3. Compute m∗
u, ∀u ∈ U ′.

4. Rank u ∈ U ′/m∗
1 ≤ m∗

2 ≤ · · · ≤ m∗
|U ′|

5. i = 1, Do:

A) if mi ≤ C′′

|U ′| , then:

• Allocate mi = m∗
i PRBs to UE i.

• C ′′ = C ′′ = mi.

• U ′ = U ′ − {i}.
• if i ̸= |U ′|, i = i+ 1.

• Go to A.

• else, STOP.

B) else:

• Allocate mi =
C′′

|U ′| PRBs to all UEs in set U ′ (i.e., ∀u ∈ U ′, mu = C′′

|U ′|)

• STOP.

To implement this, we have to change the code to compute mu for all active users and
to assign mu PRBs to each UE individually in the code, based on each UE’s Cell Radio
Network Temporary Identifier (crnti). After recompiling the code, we can proceed with
experimental validation on the testbed. Laying the foundation for our method to enhance
srsRAN’s uplink scheduler in both single and multi-UE cases, we can now delve into the
experimental aspects and validation.

4.9 Experimental 5G-SA Setup

In this section we will introduce the testbed that was utilized for assessing our proposal. It
is testbed T36, as defined in Table 3.2. Table 4.3 provides the details on the elements/sub-
elements of T36. To assess our proposal, we needed to set up a testbed, which allows us
to create scenarios, where the UE can experience varying levels of SINR. Therefore, we
opted for PC #2 (as introduced in Chapter 3), which is a mini PC connected to USRP
B210. This PC will host the 5GC, and RAN software and hardware elements. Moreover,
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it allows the portability of the testbed. As we see later in Section 4.11, creating scenarios
with specific SINR values, turned out to be extremely challenging and we had to conduct
experiments in many locations to find just a few, which met our scenario needs.

Table 4.3: Elements and sub-elements of testbed T36

Software Elements Hardware Elements
Open5GS

OS: Ubuntu 20.04.6 LTSS5GC

Kernel: 5.15.0-xx-lowlatency
H5GC

Intel® CoreTM i7-10700 CPU @ 2.90GHz
(both S5GC and SRAN run on the same host PC)

srsRAN
OS: Ubuntu 20.04.6 LTS

Intel® CoreTM i7-10700 CPU @ 2.90GHz

Kernel: 5.15.0-xx-lowlatency USRP B210
SRAN

Driver: UHD v4.5.0

HRAN

Antenna: Molex 5GHz compatible

OS: Ubuntu 20.04.6 LTS Host PC: Intel® CoreTM i7-3770 CPU @ 3.4GHz
5G Modem: Quectel RM502Q-AESUE2 Kernel: 5.14.0-051400-generic

HUE2

SIM Card: sysmoISIM-SJA2

Host PC: Intel® Core i7-1255U CPU @ 1.70 GHz
5G Modem: Quectel RM502Q-AESUE3 OS: Windows 11 HUE3

SIM Card: sysmoISIM-SJA2

We have configured T36 to operate on b = n77. Please note that, based on the Canadian
Radio Spectrum Chart, which shows the public map of frequency allocations, band n77 is
used by Canadian operators [3]. Therefore, although we were extremely careful to conduct
our tests at times (primarily very early in the morning or very late at night in our office
in UWaterloo’s main campus) to avoid disturbing potential devices around us, there may
still have been other activities occurring on this band during our tests.

We set the bandwidth to be 40 MHz. We used Numerology 1, with an SCS value
of 30 kHz, which means that the entire number of available PRBs per time slot is C =
106, with C ′ = 103 dedicated to PUSCH. Moreover, the TDD frame structure is set as:
“DDDFUUUUUU”, which results in 6 UL slots, 3 DL slots, and 1 flexible slot. Note that,
though srsRAN was set to use 3 DL slots, 6 UL slots, and 1 flexible slot, after multiple
tests and a careful (and time-consuming) investigation of the logs with this configuration,
we observed that only 3 time slots were allocated to the UL direction, while the remaining
3 were left unused.

SINR Measurement: srsRAN provides measured SINR for UE’s data transferred over
PUSCH. There are three types of SINR that are reported for PUSCH [21].

• sinr ch est : The SINR estimated at the channel estimator, calculated as the ratio be-
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Figure 4.3: Sample srsRAN log file excerpt

tween the estimated received signal power and noise power. To estimate “sinr ch est”,
pilot signals are used.

• sinr eq : The SINR estimated after the equalizer, when the effects of fading have been
removed and after integrating the signals received from all available antenna ports.
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• sinr evm: A derived metric from the Error Vector Magnitude (EVM) estimator.

To report the SINR measurements in srsRAN, the PHY level logs should be activated
in the gNB configuration file as follows:

log:

filename: /tmp/gnb.log

phy_level: debug

This will activate logging of all PHY-level messages to the specified file. Fig. 4.3 shows
an example of a log file containing a PUSCH message and its content.

srsRAN logs all PUSCH messages every time slot. The MCS index is then selected
based on the adjusted sinr eq after Outer Link Layer Adaptation (OLLA). OLLA is a
scheme used to cope with SINR estimation inaccuracies to minimize BLER and adjust the
MCS selection accordingly. Based on the srsRAN configuration file, OLLA can adjust the
SINR value by up to 5 dB before the MCS calculation. Unfortunately, srsRAN does not
record the value of {SINR + OLLA}, which will be the basis of MCS selection, nor does
it record the OLLA value in the logs, so we added some lines of code to the scheduler to
log: (i) the OLLA value and (ii) SINR + OLLA. This allowed us to access the input value
fed to the MCS function, i.e., an adjusted SINR that will result in an MCS index.

Data Rate Measurement: We measure the average UL data rate in Mbps using the
SpeedTest application by Ookla [17]. Given the high granularity of our SINR measurements
(every 0.5 ms) we selected SpeedTest for its ability to quickly assess data rates, completing
the process in approximately 10 seconds. We perform three SpeedTest trials using the 5G
modems.

4.10 Methodology

For the assessment of our proposal, after many careful trials, we selected two locations for
testing. The reason for choosing two locations was to show that if our UE is in a location
very close to the SDR device, and hence is experiencing a high SINR, it benefits from being
allocated all C ′ PRBs. However, when it is based further away from the gNB, it achieves
a better data rate with fewer PRBs rather than being allocated the full PRBs limit.

Fig. 4.4 illustrates the map of the fourth floor of the Centre for Environmental and
Information Technology building on the main campus of University of Waterloo where we
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Figure 4.4: Map indicating the positions where scheduling enhancement assessments tests
were conducted

conducted our tests. Our lab is in room 4148, and we have indicated the location of the
SDR by a star sign on the map. The two locations selected for this round of tests are also
marked in the figure.

For each location, we conducted multiple tests with different values for the number of
PRB allocated to the UE. Those tests required a change of code in the scheduler, so that
instead of the benchmark srsRAN’s RR policy, specific values of PRBs be allocated to the
single UE (moreover, for the case of two-UEs, we changed the benchmark RR code in a
way that the two different UEs, each get allocated their specific value of PRBs, though,
as we will see later, the two-UE case was not successful). After setting the PRB value
for each test, we ran the testbed with the UE placed on a static cart at the designated
location. Once the UE was attached to the testbed, we conducted three Speedtests. The
testbed logged all PHY data for the test. As a result, we collected both the data rate
measurements from the UE and the SINR measurements from srsRAN. By the end of each
test, when we have collected all the data from the gNB and the rates achieved on the UE
side, we shut down the testbed, change the number of available PRBs in the RR scheduler’s
code, recompile srsRAN, and start running it again for the next test.
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4.11 Implementation Challenges

In this section we discuss the main challenges and obstacles we faced during our exper-
imental validation phase.

4.11.1 Challenges in conducting UL tests with steady SINR mea-
surements

We spent a considerable amount of time on finding locations that allowed us to demonstrate
the further the UE’s location, the fewer PRBs are required for the UE to achieve a higher
data rate, compared to srsRAN benchmark scheduler. Our plan was to confidently move
to the multi-UE case after successfully conducting the single-UE case, and validating our
approach. Our experimental validation relies heavily on the assumption of having steady
and stable SINR measurements, since we were keeping the number of PRBs constant for
the duration of a test. Unfortunately, as we will see shortly, this assumption did not hold in
many test locations, posing significant challenges to fully validating the single-UE case of
our proposal. It took considerable effort and time to identify locations and configurations
that allowed us to successfully validate this case.

Fig. 4.5, shows a series of SINR measurements that are steady and not show abrupt
variations in the measurements. It shows the evolution in time of the 3 SINRs reported
in the log presented in Section 4.9, and highlights the three speedtests. Except for a few
outliers that can be observed in the measurements, where the SINR values have dropped
significantly, the SINRs are quasi constant. We call this measurement a “good” one, because
the values are very consistent. Therefore, when it comes to averaging these values, it is
easy to remove the outliers, and still be sure that the average accurately represents the
SINR experienced by the UE at any time slot.

On the contrary, we have a sample of a “bad” measurement, shown in Fig. 4.6. We call
this sample a bad one, as the variations in the SINR measurements are extreme, sometimes
up tp 40 dB. We note that, the high level of variance will not necessarily create issues in
the connectivity of the UE. The UE can maintain its connection to the testbed and we
would successfully conduct a speed test assessment. However, the data rates achieved for
each test will be drastically different from one another. For instance, in a location with
“bad” SINR measurements, where the UE is allocated 60 PRBs, Speedtests might yield
rates of {16, 3, 12} Mbps. Simply put, there is no certainty in the rate achieved by the
UE in such measurement conditions. Although we could not pinpoint the root cause of
this behavior, we identified several configuration methods, explained shortly, that helped
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Figure 4.5: Sample of a good SINR measurement

us create an environment with steady SINR for the single-UE case. Please note that this
behavior was observed when the number of allocated PRBs was low, especially when the
UE was located far from the SDR device.

Unfortunately, during the initial phase of our measurements, we encountered many bad
measurements with drastic SINR fluctuations. At this stage, the TDD slot configuration
was set to “DDDDDDFUUU”, which corresponds to 6 DL slots, 3 UL slots, and 1 flexible
slot. However, by using “DDDFUUUUUU” as the TDD slot configuration for the testbed,
we observed a reduction in the measurement variations (please recall that this specific
configuration in srsRAN does not lead to 6 UL slots, but 3 UL slots, and 3 unused slots).

Reconfiguring the TDD slot pattern reduced the variation in SINR measurements, but
it was not sufficient. Though, our next reconfiguration significantly improved the situation.
We observed that configuring srsRAN with a lower Rx gain and keeping the UE relatively
close to the SDR yielded much better results compared to using the previous Rx gain
configuration and positioning the UE farther away from the SDR device. Lowering the
Rx gain allowed the UE to achieve lower SINR values without needing to move far from
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Figure 4.6: Sample of a bad SINR measurement

the SDR, resulting in more consistent SINR measurements. As a result, we decreased the
Rx gain from 35 dB (the setting used in Chapter 3) to 4 dB for all the tests done in this
chapter.
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4.11.2 Challenges in PRB Allocation

During our initial stages in this project, while examining the RR scheduler code, we found
that we could not change the number of allocated PRBs to any value in the range of {51,
52, 53, ..., 102}. More specifically, when we set the number of allocated PRBs to any
number in the said range in the scheduler, we later observed that the UE was actually
allocated 103 PRBs. It is important to note that this behavior was not observed when
setting the PRBs to any number in the range of {1, 2, 3, ..., 50}.

After more investigation, we finally found out that the developers have set some limits
to the PRBs allocated in another file:

srsRAN Project/lib/scheduler/ue scheduling/ue cell grid allocator.cpp

Basically, this piece of code checks whether to allocate all the remaining PRBs (out
of the PRBs allocated through the scheduling) to UE in a given time slot. To do this, if
the number of available PRBs is less than twice the amount the UE needs, the code will
allocate all the remaining PRBs to that user:

if (twice_grant_crbs_length < (mcs_prbs.n_prbs * 2)) {

mcs_prbs.n_prbs = twice_grant_crbs_length;}

After commenting on this piece, this issue was resolved.

4.12 Test Scenarios, and Results for single-UE Case

We first outline our original plan and the steps required to accurately validate our approach
on testbed T36. Our single-UE test scenario consists of the following:

1. Fix the location.

2. Change the code to manually allocate the number m of PRBs to use for the duration
of the test and collect the rate. Each test is done three times.

3. Validate: “UE does perform better with less than the 103 benchmark PRBs.”

4. Change location.
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Results on tests conducted at the two designated locations

Tables 4.4 and 4.5 show that the UE is better off not being allocated too many PRBs.
This is evident when comparing the highlighted rows in both tables and examining the
results using the benchmark PRB values at the two locations. At location B1, the SINR
experienced by the UE in the benchmark scenario is quite high, and thus the UE benefits
from being allocated a higher number of the resources, i.e., 83 PRBs. We can see that,
on average, by allocating 20 PRBs fewer than the benchmark, the rate is increased by
27.7% within location B1. On the other hand, at location B2, the UE achieves the best
UL rate with only 30 PRBs. Which means that on average, by saving 73 PRBs in network
resources, the UE is achieving more than double the rate in comparison to the benchmark.

For both locations, we see that decreasing the number of PRBs is not affecting the
BLER, as it remains below 10%. Additionally, the impact of the number of PRBs on the
measured SINR is apparent: fewer PRBs result in a higher SINR.

Another important observation in the results below is the measurement of SINR values
that fall below the minimum value required by srsRAN (based on Table 4.2) to achieve any
UL rate. For instance, in the first row of Table 4.5, SINR values as low as -13.1 dB are ob-
served. The rate is non-zero because the SINR values reported in the table are averaged over
the duration of a Speedtest, and there are many time slots where the measured SINR exceeds
the minimum value for a non-zero rate. Moreover, when SINR values fall below the mini-
mum threshold of -5.7 dB (please refer to the MCS table in Section 4.2), srsRAN’s MCS cal-
culation function, which is available at: {lib/scheduler/support/mcs calculator.cpp}
in the source code, returns the minimum SINR value. As a result, -13.1 dB is adjusted to
-5.7 dB, which is then passed to the MCS calculation function, returning the lowest MCS
(MCS 0) as the corresponding MCS. Please note that the same position yields different
SINR values when different numbers of PRBs are allocated because the power per PRB is
changing.

Table 4.4: Measurements results done in location B1

UL Rate (Mbps) BLER (%) SINR (dB)
Number of PRBs MCS Level Used

ST1 ST2 ST3 ST1 ST2 ST3 ST1 ST2 ST3
Benchmark Dynamic MCS (11) 11.96 12.45 12.18 4.8 3.5 4.3 5.8 6.4 5.3

90 Dynamic MCS (12) 11.25 12.65 11.42 3.6 4.7 4.4 6.5 8 6.5
85 Dynamic MCS (13) 12.63 12.95 15 4.9 4.4 5.4 9.3 9.6 10.7
83 Dynamic MCS (15) 15.68 15.82 15.05 3.9 5.1 4.6 10.9 11 10.1
80 Dynamic MCS (14) 13.85 15.27 15.13 4.3 4.2 4.6 9.3 11 10.4
75 Dynamic MCS (14) 13.81 13.92 13.95 4.3 3.75 4.1 10.2 10.5 10.7
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Table 4.5: Measurements results done at location B2

UL Rate (Mbps) BLER (%) SINR (dB)
Number of PRBs MCS Level Used

ST1 ST2 ST3 ST1 ST2 ST3 ST1 ST2 ST3
Benchmark Dynamic MCS (0) 1.91 1.79 1.74 5.3 5.8 0.8 -8.9 -9.7 -13.1

20 Dynamic MCS (12) 2.3 3.16 2.62 8.38 7.05 9.29 6.9 8.75 7.1
28 Dynamic MCS (9) 3 3 3 9.1 10 5.5 5.8 5.3 7
30 Dynamic MCS (13) 4.35 4.36 4.93 5.72 7.8 7.4 8.6 8.3 8.9
35 Dynamic MCS (9) 3.47 1.65 3.48 7.1 8.6 7.5 6.2 2.3 6.1

4.13 Test Scenarios, and Results for Two-UE Case

After validating that a single UE with poor SINR can significantly benefit from being
allocated fewer PRBs, we proceed to the second step of our experimental validation: the
case of multi-UE. For an effective multi-UE test scenario, we needed locations that will
result in m∗

u values as low as 20, or 30. Therefore, we could validate our approach on multi-
UE scenarios. Hence, we selected the two locations {B1, B2}, in the previous section.
Moreover, in addition to the code changes mentioned earlier, we had to make another
modification to the RR code. Recall that in the default RR policy implemented by srsRAN,
the minimum number of UEs required for simultaneous uplink transmission was 7 (see
Algorithm 5). Since we only had two UEs available for these tests (as the Android phone
did not support band n77), we had to change the heuristic table defined in the code to
allow two simultaneous uplink transmissions under the RR policy.

The outline of the two-UE test scenario is a s follows:

1. Use the locations B1 for UE2 & B2 for UE3.

2. Change the code so that two UEs are allowed to have simultaneous uplink transmis-
sions in a time slot.

3. Change the code to manually allocated 80 PRBs to UE2 at location B1, and 30 to
UE3 at location B2, for the duration of the test and collect the rates reported by
each UE.

4. Validate: “UEs perform better compared to the default Round Robin scheduling policy,
i.e., one being allocated 51, and the other being allocated 52 PRBs.”
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Results on tests conducted at the two designated locations

Unfortunately, this step was ultimately unsuccessful. Even though we had successfully es-
tablished single-UE scenarios, and observed consistent SINR measurements, the measured
SINR for the two-UE scenario exhibited significant inconsistencies, which left us without
a clear explanation for this behavior. Please note that we suspect this inconsistency is
related to changing the number of PRBs compared to the benchmark resource allocation
implemented in srsRAN. The main reason for this hypothesis is that we did not observe
such inconsistencies in the tests conducted in Chapter 3.

4.14 Conclusion

In this chapter, we studied the scheduler implemented in the popular RAN software plat-
form, srsRAN. We proposed a more efficient approach to PRB allocation, suggesting that
UEs, particularly those located farther from the gNB, should not be allocated an exces-
sive number of PRBs. Instead, by concentrating their transmit power on a smaller set
of PRBs, distant UEs can achieve a higher SINR on those specific PRBs, leading to a
higher data rate. We then partially validated our hypothesis, we conducted experiments
on an experimental testbed that utilizes srsRAN. Our results on a single-UE confirmed our
approach.

For ease of implementation, we decided to keep the number of PRBs allocated to a
UE constant for the duration of a test. However, unfortunately, due to the high variance
observed in the measured SINR per time slot in multi-UE, we could not validate our
proposal for multi-UE scenarios.
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Chapter 5

Conclusions

In this thesis, we implemented, analyzed, and compared 35 open 5G-SA experimental
testbeds. We first established a precise nomenclature to characterize a 5G-SA testbed,
and then introduced the components of an operational 5G-SA testbed and explore various
options for each element. In Chapter 2, we studied the evolution of the cellular networks,
and provided a review of the literature in the context of open and full-fledged testbeds.

In Chapter 3, we first focused on the challenges faced during the implementation and
our solutions. We also addressed interoperability by assessing how different open-source
5GC and RAN software from various developers work together. We observed that the
performance of a UE connected to testbeds using two different 5GC software platforms,
with all other elements being fixed, does not exhibit a significant dependency on the specific
open-source 5GC software.

To ensure a systematic approach to our studies, in all chapters we maintained this
structured approach for our tests, which included introducing the assessment target, pro-
viding a clear methodology, and detailing our test scenarios, followed by the presentation
of results. We then offered our commentary on these results. This rigorous structure was
intentionally designed to ensure that our work is reproducible for other research groups.

We then move on to the comparative analysis of different elements of a 5G-SA testbed.
In this regard, we have selected prominent open-source solutions for the 5GC and the RAN.
We also picked SDR options on two extremes, i.e., a more budget-friendly SDR with basic
functionality and a very high-end, high-performance SDR to investigate their effect on the
performance of the testbed. Moreover, on the UE front, we have multiple types of UEs.
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A key aspect of this thesis is the investigation of multi-UE scenarios across various
locations with respect to the SDR device. By defining three groups of locations, “good,
fair, bad”, for the connected UEs, we first analyze how each 5G open-source RAN platform
performs, given good UE positions. We then scatter the UEs in different locations and
observe the performance achieved in adverse conditions. Our findings indicate that if
srsRAN is executed on a powerful host PC, its performance can be superior given good
UE positions. However, the table turns when UEs from further locations seek connection.
In these scenarios, srsRAN not only lacks the automatic power adjustment feature of
OAI-RAN, resulting in lower data rates for UEs connected from distant locations, but also
exhibits a discrepancy in the achieved performance based on the type of connected UE. In
this regard, OAI-RAN being UE-type agnostic and more robust, wins. By analyzing the
coverage support of four different testbeds, we revealed that the choice of SRAN is more
influential than the choice of the SDR device on coverage. Our results also showed that
OAI-RAN outperforms srsRAN, in the E2E latency.

Finally, in Chapter 4, we examined the UL schedulers implemented in srsRAN. We
proposed an enhancement to the current schedulers based on the PRB allocation, arguing
that UEs, especially those positioned farther from the gNB, are better off being allocated
fewer PRBs. This way, by focusing their transmit power on a smaller set of PRBs, these
UEs can achieve higher data rates. To validate our hypothesis, we conducted experiments
on a testbed utilizing srsRAN, and our results for a single-UE scenario supported our
approach. Unfortunately, we could not validate our approach with multi-UE scenarios.

5.1 Future Research Directions

The transition to open cellular networks, particularly open RANs, is at its peak now. O-
RAN, an industry-initiated alliance and a significant player in the open RAN domain, has
introduced a RAN architecture that extends the one proposed by 3GPP with additional
elements and interfaces. In their proposed architecture, they introduce three elements to
split the 5G protocol stack: the Radio Unit (RU), Distributed unit (DU), and the Central
Unit (CU), each responsible for running parts of the protocol stack. Currently, there
is a growing interest in the research community not only to build 5G-SA experimental
testbeds but also to develop testbeds that comply with the O-RAN standard. At the
time of this writing, very few O-RAN Radio Unit devices are available (e.g., the FlexFi
O-RU from LITE-ON Technology and Foxconn RPQN ). The main challenge in deploying
an O-RAN compliant 5G-SA testbed is maintaining synchronization between the RU and
DU, a process that requires precise timing and extensive communication. These challenges

88



should be thoroughly addressed in future studies on O-RAN compliant, 5G-SA testbeds.

Furthermore, our study on UL scheduling can be further extended. While we experi-
mentally showed that UEs with poor channel conditions benefit more from being allocated
fewer resource blocks, a comprehensive validation of this claim in multi-UE scenarios is
still required. A promising next step for this project would be to extend the study to other
testbeds, to determine whether the unexpected behavior observed in the multi-UE case is
due to the srsRAN implementation.
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[64] Ivan Palamà, Stefania Bartoletti, Giuseppe Bianchi, and Nicola Blefari Melazzi. Ex-
perimental Assessment of SDR-based 5G Positioning: Methodologies and Insights.
Annals of Telecommunications, 79(5):301–313, 2024.

[65] TBLELR Ramjee, T Bu, and LE Li. Generalized Proportional Fair Scheduling in
Third Generation Wireless Data Networks. In IEEE INFOCOM, pages 1–12, 2006.

[66] Arash Sahbafard, Robert Schmidt, Florian Kaltenberger, Andreas Springer, and Hans-
Peter Bernhard. On the Performance of an Indoor Open-Source 5G Standalone
Deployment. In 2023 IEEE Wireless Communications and Networking Conference
(WCNC), pages 1–6. IEEE, 2023.

[67] Stefan Schwarz, Christian Mehlführer, and Markus Rupp. Low Complexity Approx-
imate Maximum Throughput Scheduling for LTE. In 2010 Conference Record of the
Forty Fourth Asilomar Conference on Signals, Systems and Computers, pages 1563–
1569. IEEE, 2010.

[68] Mauri Seidel, Andreas Ingo Grohmann, Peter Sossalla, Florian Kaltenberger, and
Frank HP Fitzek. How to Get Away with OpenAirInterface: A practical Guide to 5G

95



RAN Configuration. In 2023 3rd International Conference on Electrical, Computer,
Communications and Mechatronics Engineering (ICECCME), pages 1–6. IEEE, 2023.

[69] Lucas BD Silveira, Henrique C de Resende, Cristiano B Both, Johann M Marquez-
Barja, Bruno Silvestre, and Kleber V Cardoso. Tutorial on Communication Between
Access Networks and the 5G Core. Computer Networks, 216:109301, 2022.

[70] Alexander L Stolyar and Kavita Ramanan. Largest Weighted Delay First Scheduling:
Large Deviations and Optimality. Annals of Applied Probability, pages 1–48, 2001.

[71] Fengxiao Tang, Yibo Zhou, and Nei Kato. Deep reinforcement learning for dynamic
uplink/downlink resource allocation in high mobility 5g hetnet. IEEE Journal on
selected areas in communications, 38(12):2773–2782, 2020.

[72] Boris S Tsybakov. File Transmission Over Wireless Fast Fading Downlink. IEEE
Transactions on Information Theory, 48(8):2323–2337, 2002.
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