
 

 
 

FACULTY OF INFORMATION TECHNOLOGY AND ELECTRICAL ENGINEERING 

DEGREE PROGRAMME IN WIRELESS COMMUNICATIONS ENGINEERING 
 

 

 
 

 
 

 

 
 

 

MASTER’S THESIS
 

MULTI-USER MIMO BEAMFORMING: 

IMPLEMENTATION, VERIFICATION IN L1 

CAPACITY, AND PERFORMANCE TESTING 

 

 
 

 

 

 

 Author Muhammad Hamza Khan 

 

 Supervisor Onel Alcaraz López 

 

 Second Examiner Antti-Heikki Tölli  

 

  (Technical Advisor                Ismo Simonen) 

 

 

March 2023 



 

Khan Muhammad Hamza. (2023) Multi-user MIMO Beamforming: Implementation, 

Verification in L1 Capacity, and Performance Testing. University of Oulu, Faculty of 

Information Technology and Electrical Engineering, Degree Programme in Wireless 
Communications Engineering. Master’s Thesis, 59 p. 

 

 
 

 

 

ABSTRACT 

A certain piece of technology takes a lot of effort, research, and testing to reach the 

productisation phase. Radio features are implemented in layer 1 (L1) before moving to 

the hardware implementation phase, where their functioning is tested and verified. The  

target of the thesis is to implement and verify beamforming based multi-user multiple -

input multiple-output (MU-MIMO) in L1 capacity and performance testing (PET) 

environment. The L1 testing environment mainly focuses on 4G and 5G stand-alone (SA) 

cases, while the focus of this thesis work is only on 5G SA technology, which features 

beamforming and MU-MIMO. Beamforming and MU-MIMO have been tested in an end-

to-end system but not specifically in L1. The L1 testing provides a deeper analysis of 

beamforming and MU-MIMO in L1 and aids in problem identification at an early 

productisation phase, saving both time and money. L1 PET has multiple components that 

work together for L1 data transmission in both uplink (UL) and downlink (DL) directions  

and handle the verification of the transmitted data. The main components that play a key 

role in the implementation of multi-user MIMO beamforming concern frame design 

setup, message setup for UL and DL using correct channels and interfaces, transmission 

of the generated data in UL and DL, and message capturing at L1 end (whether correct 

messages are transmitted or not). For verification purposes, methods such as analysing 

plots from L1 log results based on comparison with radio specifications are used to 

determine whether the generated test output is correct or not. Finally, performance  

metrics, such as error vector magnitude (EVM), UE per transmission time interval (TTI), 

number of layers per UE, channel quality indicator (CQI), physical resource block (PRB) 

count, and throughput, are evaluated to assess the capacity and performance correctness 

of the implemented test setup. 
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MAC medium access layer 

MF matched filter 

MCS modulation coding scheme 

MIMO multiple- input multiple-output 

MISO multiple- input single-output 

MIB master information block 

MG message generator 

MU multi-user 

mMTC massive machine type communication 

mMIMO massive MIMO 
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OFDM Orthogonal frequency division multiplexing 
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PMI precoding matrix indicator 

PRACH physical random-access channel 
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PUCCH physical uplink control channel 

PUSCH physical uplink shared channel 

QAM quadrature amplitude modulation 

QPSK quadrature phase shift keying 

RACH random-access channel 

RAN radio access control 

RB resource block 

RF radio frequency  

RSRP reference signal received power 

RRC radio resource control 

RU radio unit 

RZF regularised zero forcing 

SAP service access point 

SCT system component testing 

SDMA space division multiple access 

SU single user 

SFN system frame number 

SISO single input single output 

SIMO single input multiple output 



 

SINR signal interference noise ratio 

SSB synchronization signal block 

SMS short message service 

SNR signal to noise ratio 

SRS sounding reference signal 

SSS secondary synchronization signal 

STC space time coding 

STTC space-time trellis code 

SIB system information block 

TTI transmission time interval 
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URLLC ultra-reliable low-latency communication 
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Xn network interface 
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1 INTRODUCTION 

Wireless communication industry has evolved during the last four decades to support the rising 

number of users, mobility, increased coverage, data throughput, and spectral efficiency, among 

other factors. 1G emerged in the 1980s to provide voice calls using analogue transmissions. In 
the 1990s, 2G was launched, which provided digital signals for voice services and support for 

short message service (SMS). Ten years later, email and internet services began with 2.5G. 3G 

introduced video calls, mobile television, and video conferencing in the 2000s. In the beginning 
of 2010, 4G enabled high-data-rate applications such as cloud computing, video streaming, and 

online gaming. From 2020 onward, the new 5G technology is anticipated to support an 

increasing number of users, services, and applications, including autonomous vehicles and large 
sensor networks. Each technology, 1G, 2G, 3G, 4G, and 5G, supports data transfer rates of 2.4 

kbps, 64 kbps, 2 Mbps, 100 Mbps, and greater than 1 Gbps, respectively, as shown in Figure 1. 

In addition to enhanced mobile broadband (eMBB) services, 5G NR natively supports new 
services related to IoT connectivity for the first time: ultra-reliable and low-latency 

communication (URLLC) and massive machine type communication (mMTC) [1], [2].  

 

 
Figure 1: Data rate evolution in wireless cellular technologies [1]. 

 
With the evolution of mobile network generations, a new set of use cases has emerged for the 

5th generation. The data, latency, and performance requirements vary according to the use-case 

requirements. The international telecommunication union (ITU) has characterised these 
requirements into three main use cases, as depicted in Figure 2 [3]-[5] and detailed below. 
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Figure 2: 5G Uses Cases [3]. 

 

Enhanced mobile broadband (eMBB): Consisting of data-driven use cases that require high 
data rates across a broad coverage area. Key requirements are high throughput, enhanced 

network efficiency, and wide coverage areas. eMBB supports services such as virtual reality, 

augmented reality, and cloud-based services. 
 

Ultra-reliable and low-latency communication (URLLC): URLLC satisfies the strict 

requirements of the digital sector related to latency-sensitive services. Remote surgery, 
industrial automation, and autonomous vehicles are critical communication examples requiring 

URLLC. 

 

Massive machine type communication (mMTC): Composed of use cases with a high number 

of devices in a very small or congested area sending data at irregular intervals, e.g., Internet of 

things (IOT) devices. The key requirements of mMTC are energy efficiency, high connection 
density, low complexity, and extended coverage.  

 
1.1 Multi-Antenna Communications 

Multi-antenna communication systems are fundamental technical enablers of the wireless 

communication industry evolution in the last decades. Specifically, a multi-antenna 
communication system is composed by transmitter(s) and receiver(s) equipped with antennae, 

radio frequency (RF) chains, and other radio communication modules. When transmitters and 

receivers are single-antenna devices, the system configuration is referred to as single- input 
single-output (SISO). SISO systems are susceptible to interference owing to multipath effects, 

and due to this, they only accomplish a small capacity. As wireless technologies advance, new 

antenna configurations emerge to increase data capacity and performance. To overcome these 
limitations, advanced communications systems have adopted a technique known as multip le-

input multiple-output (MIMO). MIMO uses several antennas and processing chains at the 

transmitters and receivers to boost channel resilience. MIMO channels can be exploited for 
realizing i) diversity gains by increasing the signal-to-noise ratio (SNR) of a single data stream 

transmitted to a single user, or ii) spatial multiplexing/division by transmitting/receiving 

distinct data streams to a single user so as to enhance the communication throughput [6]. 
 

MIMO is a well-known technology in mobile networks, begin exploited since the 3G era. In 

these systems, MIMO often refers to single-user MIMO (SU-MIMO), when MIMO 
transmissions are made to a single user at a time. Whereas multi-user MIMO (MU-MIMO) 

serves two or more users at a time. In 3GPP Release 8, the focus of long-term evolution (LTE) 
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was SU-MIMO, but basic support for MU-MIMO was also provided. Improved MU-MIMO 

capabilities were added to LTE Advanced in 3GPP Release 10 and LTE Advanced Pro in 3GPP 

Release 13. 5G deals with numerous users and massive MIMO (mMIMO). mMIMO is defined 
by employing a significantly greater number of antennas than conventional MIMO [7]. 

 

mMIMO radios are a frequent term for 5G MIMO radios. Because of the higher carrier 
frequencies used by 5G, antenna elements are smaller, allowing many components to be 

contained within a single radio system. The increased number of MIMO channels permits a 

broader deployment of techniques such as MU-MIMO to enhance cell capacity. mMIMO and 
beamforming technologies have exhibited great promise for future communication systems.  

This is because the use of multiple antennas allows focusing the beams to the specific users to 

provide them the best coverage and performance. Via MU-MIMO beamforming, “data 
streams”, which are encoded data signals that are impartial, are spatially multiplexed, and 

transmitted. Streams allow parallel communication on the same channel for multiple user 

equipment’s (UEs) over the same time and frequency [8], [9]. MU-MIMO beamforming is 
formed using a mapping technique on transmit and receive side. Transmission side mapping is 

called as precoding and receiver side mapping is known as combining. 

 
 

1.2 Prior-deployment MU-MIMO Beamforming Testing 

It is crucial to assess the attainable performance of a wireless communication system before 

deployment or during the development phase. When a wireless network equipment is being 

developed, end-to-end testing is performed by the hardware and software integration teams to 
ensure that the device performs as per the set standard. Engineers test both the hardware and 

software components. Usually, integration teams have a baseband unit (BBU), a radio unit 

(RU), antennas, and UEs to perform testing. The BBU, RU, and antennas combined are 
considered as a base transceiver station (BTS). The integrators perform tests on the hardware 

using dummy uplink (UL) and downlink (DL) data traffic. The BBU and RU are connected 

through the fronthaul interface, whereas the BBU is connected to the core network using the 
backhaul interface. A 5G NR BTS is known as a gNodeB. A radio site architecture is shown in 

Figure 3 [10].  
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Figure 3: Radio Site Architecture [10]. 

 

Recently, a new and more cost-efficient type of testing that does not require a complete set of 
hardware components has emerged for wireless system testing. In layer 1 (L1) PET, system 

component testing (SCT) [11] is used as a basis for testing; BBU is the only hardware 

component for testing; the rest of the component data, e.g., radio and UE, is created using 
Python [12] scripts. In SCT, for testing different technologies and new features, the 

environment needs to be developed so it has all the necessary components for testing. The L1 

PET environment has multiple components that handle the DL and UL data scheduling for the 
BBU. The actual names of the components are not mentioned in this thesis due to confidentia lity 

reasons. The components are known as the message generator (MG), frame design configura tor 

(FDC), scheduler, and test script, as shown in Figure 4. These components work together to test 
a particular feature using the test script through the L1 tester in the L1 testing environment. 

 
Figure 4: L1 testing environment 
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1.3 Scope and Objectives 

The goal of this thesis is to implement and verify MU-MIMO beamforming testing in L1 PET 
based on SCT with BBU as the only hardware component in the testing environment while 

exploring the different implementation and verification possibilities. There are mainly two 

reasons for only having a BBU for testing. Firstly, it is expensive to buy multiple BTS 
components and testing the same features tested in end-to-end testing in a BBU cuts down 

project costs. Secondly, in end-to-end testing, when an error arises, it is tough to identify the 

exact component that generates the fault, let alone the actual defect inside the component. 
Testing with only a BBU allows us to focus more on the problems that arise only in the BBU. 

The research data gathered from the testing is used to rectify issues that arise in the BBU in 

end-to-end testing, which saves both fault detection and correction time. 
 

The specific objectives of this thesis are as follows: 

 Investigate how beamforming and MU-MIMO are performed in L1 BBU using SCT. 

 Create a test case for MU-MIMO beamforming in L1 PET. 

 Investigate how beamforming and MU-MIMO are verified in the L1 BBU, which 
includes defining the role of the L1 BBU and fronthaul interface towards RU in 
beamforming.  

 Compare the results from the L1 PET test case run with theoretical research find ings 
and end-to-end testing system results to verify the capacity and performance of the L1 
SCT system.  

 Investigate how the limitations of L1 SCT affect the performance and capacity of MU-
MIMO beamforming in L1 PET. 

Chapters 2 and 3 of this thesis work provide an overview of the 5G network architecture, 

beamforming, and MU-MIMO in 5G L1. Chapter 4 focuses on the practical work: 
implementation and verification in 5G L1. The implementation part defines the correct place 

for the parameters and logic for MU-MIMO beamforming in the L1 PET environment. The L1 

algorithm required for beamforming and MU-MIMO taken from the specification files is used 
in the MG component scripts, scheduler, and FDC such that the developed MU-MIMO 

beamforming test script algorithm runs successfully in the L1 PET environment. In the 

verification part, the L1 logs, and traces are analysed to check that the MU-MIMO beamforming 
in the physical layer is transmitting the correct parameter information towards the RU. 

Beamforming and MU-MIMO cover a lot of ground and require a lot of technical knowledge 

and computation. The implementation is done in a way that meets the minimum requirements 
for MU-MIMO beamforming testing in L1 (using the BBU to demonstrate verification). 
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2 5G NEW RADIO TECHNOLOGY 

The 3rd generation partnership project (3GPP) defines the set of standards and specifications a 

mobile technology should have to be interoperable with all devices. 3GPP standards ensure that 

all wireless devices function as expected and can properly communicate with each other. The 
3GPP body consists of seven standard development organizations. The project focuses on the 

following components of a wireless communication system: radio access network (RAN), Core, 

and service capability and performance. The RAN part consists of the BBU, RU and UE. The 
3GPP group also deals with the communication of non-RANs with the core network and non-

3GPP networks. For 5G communications, the 3GPP developed a new radio (NR) interface, 

which is the global standard for 5G network air interfaces. 3GPP has so far fully developed two 
releases for 5G: Release 15 and Release 16. Release 15 focuses on eMBB services, whereas 

Release 16 deals with specifications for features for the Industrial IoT and time-sensit ive 

communications. 5G Evolution will prioritise enhancements to Rel-15 and Rel-16 features, 
operational advancements, and new capabilities to increase the 5G system's applicability to new 

markets and use cases [3]. 

 
2.1 5G Network Architecture 

The first phase of 5G specified by 3GPP considered the 5G non-standalone (NSA) 
configuration. Backward compatibility with the LTE network was an important consideration 

in the early stages of the 5G network architecture's development. The NSA deployment of 5G 

supports the use of an LTE core along with a 5G NR nodeB (gNodeB), whereas the SA 
deployment consists of a 5G gNodeB and a dedicated core network for 5G [4], [5]. The 5G NR 

complete standard set was released in 3GPP Release 15, which also included the 5G SA 

configuration. 5G NSA and SA architectures are illustrated in Figure 5. 
 

2.1.1 5G Non-Standalone 

The 5G NSA deployment is an initial deployment configuration to make 5G compatible with 

LTE network components such that the switch from LTE to 5G occurs systematically while 

providing appropriate network performance with the least network outage during the 
transitioning. In 5G NSA architecture, the previous hardware is not dismantled and only new 

gNodeBs are added to the network. A gNodeB is configured such that it interacts with the 

neighbouring 4G nodeB (eNodeB) through the X2 interface. The gNodeB and eNodeB are both 
connected to the evolved packet core (EPC) but the gNodeB only sends user plane data through 

the S1-U interface whereas the eNodeB sends both user plane and control plane data through 

S1-U and S1-C interfaces, respectively [13]. 
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Figure 5: 5G NSA (left) & 5G SA (right) architectures. 

 
2.1.2 5G Standalone 

In the 5G SA architecture, there is a separate core for 5G and LTE. The gNodeB is directly 

linked to the 5G core network through the NG interface. The UE is connected to the gNodeB 

through the air interface. gNodeB to gNodeB communication is possible using the Xn interface, 
which is also known as the neighbouring interface. The Xn interface allows multiple gNodeB’s 

to inter-connect. 5G SA is the complete deployment set of the 5G network. After most 

customers have transitioned towards the 5G NSA deployment, the next phase is to finalize the 
deployment of 5G SA networks for better performance and network handling [13].  

 
2.2 NR Channels 

3GPP has defined a set of channels for UL and DL directions that serve as interfaces for the 

communication between UE and gNodeB. Dedicated signals are transmitted through these 
interfaces. The 3GPP radio protocol architecture, as shown in Figure 6, describes the interface 

between UE and gNodeB. There are three layers: the physical layer, the medium access control 

(MAC) layer, and the radio resource control (RRC) layer. NR physical channels are 
implemented in the first layer of the radio protocol architecture. The physical layer provides the 

MAC layer with a transport channel. The technique for data transmission through the radio 

interface defines the transport channel. The radio link control (RLC) sublayer is provided with 
distinct logical channels via the MAC layer. A logical channel is distinguished by the type of 

data conveyed. The next section provides an overview of the DL and UL channels used in the 

physical layer of the radio [14]. In 5G NR, transport block is the user payload that is transmit ted 
between the MAC and physical layer, specifically for shared UL and DL data channels. A 

transport block is subjected to physical layer processing at the transmitter prior to being mapped 

onto the UL and DL channels for transmission through the air interface. Initially, cyclic 
redundancy check (CRC) bits are added to the transport block, followed by channel encoding 

and modulation of the full payload. The chosen modulation scheme and coding rate, according 

to 3GPP specifications, determine the number of bits per transport block. The modulat ion 
coding scheme (MCS) is a transmission parameter that sets the data rate. For example, an MCS-

1 indicates that every channel operates at 1 Mbps. 5G NR supports a full duplex uplink, 

allowing devices to send and receive simultaneously across half-duplex LTE networks. In 
essence, transmission effectiveness improves. 5G NR MCS is designed to be a flexib le 
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mechanism that can support a wide range of 5G services and use cases, including NSA and SA. 

Multiple types of UE and service categories are supported by a single 5G NR MCS. The 5G 

NR MCS uses quadrature amplitude modulation (QAM) 64 modulation, a 16-fold enhancement 
over the QAM-16 modulation used by LTE, to enable improved throughput and decreased 

latency. Each symbol in QAM-64 modulation can be mapped to 64 bits of digital signal, as 

opposed to 32 bits per symbol in QAM-16 modulation [15]-[17]. 
 

 
 

Figure 6: Radio Protocol Architecture [18]. 
 

There are several blocks in each channel model such that it constitutes a complete interface 

capable of transmitting data between the UE and gNodeB. A high-level overview of the NR L1 
channel models as per 3GPP is given in Figures 7-15. 

 
2.2.1 NR DL Channels 

 NR-PDSCH DL shared channel: The transport block data is sent in the Physical DL 
shared channel (PDSCH). The PDSCH interface generation takes place in the gNodeB. 

PDSCH oversees turning transport block data into PDSCH data and sending that 

information through every transmission component, such as an antenna. Antenna ports 
are mapped to the channel and reference signals used in DL as per 3GPP standards [19]. 

Figure 7 depicts the 3GPP PDSCH interface generation block diagram.  

 
Figure 7: PDSCH 3GPP Block Diagram. 

 

 NR-PBCH Broadcast channels: Information about cellular or network-specific 

systems is transmitted across the physical broadcast channel. The master information 
block (MIB) is used to transmit this information. The fundamental characterist ics 

required to interpret the DL signal and assist in demodulating the physical DL control 

channel (PDCCH) are contained in the MIB. Frame Information is decoded in the 
physical broadcast channel (PBCH). PBCH is used by UE to capture the frame timing 
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and cell identity [19], [20]. Figure 8 depicts the 3GPP PBCH interface generation block 

diagram. 

 
Figure 8: PBCH 3GPP Block Diagram. 

 

 NR-PDCCH DL control channel: PDCCH transmits DL control information (DCI), 

including directives for UL power, scheduling information, and DL grants. L1 
signalling is managed by DCI. Resource allocation is the process through which 

PDCCH distributes PDSCH RBs in both the frequency and time domains. It indicates 

the quantity of RBs in the frequency domain and the quantity of orthogonal frequency 
domain multiplexing (OFDM) signals in the time domain. The information submitted 

to specify resource allocations might be delivered in a variety of forms to the DCI. 

PDCCH consists of a control-channel element (CCE), which has resource-element 
groups (REGs). CCE is used by the UE to detect PDCCH transmission [20], [21]. Figure 

9 depicts the 3GPP PDCCH interface generation block diagram. 

 

 
Figure 9: PDCCH 3GPP Block Diagram. 

 

 
2.2.2 NR UL Channels  

UL channels consist of a group of resource components transporting data from higher tiers of 
the component hierarchy. Flexible communication between the 5G gNodeB’s and the UEs is 

made possible by 5G physical channels [19]. 

 

 NR-PUSCH UL shared channel: The physical UL channel used by 5G NR to transmit 

transport block data is known as PUSCH. It is also possible to transmit UL control 

information (UCI) through PUSCH. The reference signals linked to PUSCH are 
demodulation reference signals (DM-RS) and phase tracking reference signal (PT-RS). 

There are two multiplexing techniques that can be utilized for PUSCH: Discrete fourier 

transform spread OFDM (DFT-s-OFDM), which is used with a single layer 
transmission and supports intra-slot frequency hopping, and cyclic prefix (CP) OFDM, 

which is meant for MIMO [19], [21]. Figure 10 illustrates the 3GPP PUSCH interface 

generation block diagram. 
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Figure 10: PUSCH 3GPP Block Diagram. 

 

The use of PUSCH channel in L1 is based on parameters used in the MG component 
scripts. 5G L1 UL Interfaces deal with PUSCH channel information, while the 

components manage different phases of PUSCH transmission and interface setup. 

PUSCH receive request messages and UE parameter scripts are coded using test case 
parameters based on 3GPP calculations which are handled by L1 from UE side. The 

message components contain addresses for responses to 5G higher layer L2 messages.  

 

 NR-PUCCH UL L1 control channel: PUCCH channel transports UCI. UCI consists 

of hybrid automatic repeat-request (HARQ) feedback, channel state information (CSI) 
and scheduling request (SR). There are two types of PUCCHs: long and short, which 

are characterised by different modulation schemes. There are also different PUCCH 

formats for the possibility of UE multiplexing in the same physical resource block 
(PRB), which are defined by 3GPP 38.211, the length of the OFDM symbols, and the 

number of bits that determine the PUCCH format [19], [20]. Figure 11 illustrates the 

3GPP PUCCH interface generation block diagrams for formats 0, 1, 2 and 3 and 4, 
respectively. 

 

 

 

 
Figure 11: 3GPP PUCCH interface generation block diagrams. 

 
The 5G L1 UL Interface receives PUCCH message request for PUCCH channel setup 

and decoding information related to UCI. The L1 PUCCH interface has two main 

components in the Message Generator, one for building request messages and other for 
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building resources. 5G L2 Interface sends message requesting PUCCH data which L1 

decodes and responds by sending HARQ information to hardware unit. The response 

message also consists of UCI responses from UE based on DL signals. The slots and 
PUCCH information are set as per the L1 standard documentation.  

 

 NR-PRACH Random access channel: The physical random-access channel (PRACH) 

channel carries preambles specific to random access and uses them to initiate random 

access procedures. Different synchronization signal (SS) block time resources are 
combined with several RACH time and frequency events for beam initiation. The 

synchronisation signal block (SSB) time resources relate to RACH events, first in 

frequency, then in time inside a slot, and lastly in time between slots. SIB1 gives the 
"amount of SS-block time records per RACH time/frequency events." The reference 

signals considered for beam management while UE performs initial access include the 

primary synchronization signal (PSS), secondary synchronization signal (SSS), PBCH 
DM-RS for IDLE mode, and CSI reference signal (CSI-RS) in DL and sounding 

reference signal (SRS) in UL for CONNECTED mode [19], [21]. Figure 12 illustra tes 

the 3GPP PRACH interface generation block diagram. 

 
Figure 12: PRACH 3GPP Block Diagram. 

 
2.2.3 Role of NR Channels in 5G Use Cases 

NR physical layer channels play a key role in supporting 5G use cases: eMBB, URLLC, and 

mMTC. Notice that eMBB use cases have been mainly the focus of 3GPP Release 15 features 
[22]. Meanwhile, to meet URLLC and mMTC standards, several new physical layer design 

strategies have been described by 3GPP. URLLC and mMTC features have improved in 3GPP 

Releases 15, 16, and 17 in terms of NR physical layer design.  
Link adaptation is a fundamental technique used in LTE to exploit the frequency selectivity of 

the wireless channel and increase spectral efficiency. However, to perform link adaptation, 

specific channel quality information is required at the transmitter. To maintain link quality 
during actual network operation, link adaptation automatically assigns one of the MCS to each 

UE based on the channel quality indicator (CQI). CQI is a quantified representation of the signal 

interference plus noise ratio (SINR) and is used for resource allocation and link adaptation. 
Although, the performance characteristics, such as block error rate (BLER) as a function of 

SNR, of each MCS is required for network planning, design, and performance assessment. The 

BLER of LTE systems is 10−2, whereas in 5G NR URLLC, the reliability requirement for 

BLER is 10−5 [23].  

In addition to the CQI and MCS tables for eMBB with a BLER of 10−1, new CQI and MCS 

tables are defined to enable PDSCH and PUSCH transmission with a URLLC requirement of 

10−5 BLER and 1 ms latency in L1. These CQI and MCS tables allow URLLC transmiss ions 

to have the correct code rate and modulation method. A CQI table for different modulat ion 
methods is shown in Figure 13 [18]. New URLLC use cases, e.g., industrial automation, remote 

driving, and electrical power distribution, have tougher criteria (a BLER of 10−6 and latency 

of 0.5 ms). Based on URLLC's updated requirements, Release 16 expands PDCCH monitor ing 
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capabilities by mitigating PDCCH transmission performance and decreasing transmission lag. 

New fields are introduced to DCI to allow the new feature of specifying the priority of a PDSCH 

or PUSCH being broadcast. PUSCH repetition type B is introduced to ensure the correct 
number of repetitions within the time limit and to minimise waiting periods between repetitions.  

These improvements boost URLLC transmission performance and act as a platform for URLLC 

development [22]. In Releases 15 and 16, for mMTC-based services, 3GPP has added 𝜋/2-
binary phase shift keying (BPSK) modulation in the UL channel to have a low peak-to-average 

power ratio and improve power amplifier efficiency at lower transmission rates [24]. In 

addition, it also has support for multiplexing and preventing distinct traffic types over UL 
transmission, allowing for application-specific prioritization, which leads to improved quality 

of service (QoS) requirements [25].   

 
Figure 13: CQI based on QPSK, 16QAM, 64QAM and 256QAM [18]. 

 
2.3 NR Frame Structure and Frequency Range 

L1 is defined in a bandwidth- independent manner based on resource blocks, allowing it to adapt 

to diverse spectrum allocations. A resource block consists of 12 sub-carriers with a specified 

sub-carrier spacing. As shown in Figure 14, an individual radio frame lasts 10 ms and is divided 
into 10 subframes of 1 ms each. The subframes are also known as transmission time interva ls 

(TTI). NR supports the following sub carrier spacing (SCS): 15 KHz, 30 KHz, 60 KHz, 120 

KHz, and 240 KHz. In the frequency domain, each subcarrier denotes a resource element (RE), 
whereas in the time domain, it corresponds to one OFDM symbol. For 15 KHz SCS in the time 

domain, one subframe of 1 ms, also known as a resource block (RB), consists of 14 OFDM 

symbols. However, in the frequency domain, one RB occupies 12 consecutive subcarriers. In 
time domain slots, duration is divided as per the SCS [14], [26]. 
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Figure 14: 5G Frame Structure. 

 

LTE spectrum could not accommodate the 5G bandwidth requirements. Because of this, two 
unique frequency ranges were defined for 5G NR: FR1 and FR2. Frequency range 1 (FR1) 

includes frequencies ranging from 450 MHz to 6 GHz and is also known as the sub-6 GHz 

band. Meanwhile, FR2 includes frequencies from 24 GHz up to 52.6 GHz. FR2 has shorter 
ranges and is also known as the millimetre-wave (mm-wave) range, but it has a higher 

transmission bandwidth than the FR1 range. FR2 deployments are performed at a higher density 

to cover an increased cell area. FR1's default SCS is 15 kHz, 30 kHz, or 60 kHz, while FR2's 
default SCS is 120 kHz or 240 kHz. Using a larger SCS allows for a shorter OFDM symbol 

duration, which is helpful at higher frequencies so that more beams can be swept in a given 

amount of time. This guarantees that the coverage is good in all directions. FR1 experiences 
less radio channel interference, resulting in improved cell coverage. FR2 allows for a very large 

quantity of spectrum and very broad transmission bandwidths, thereby permitting extremely 

high traffic capacity and data speeds. Despite the more limited coverage, a higher-frequency 
layer having access to a vast amount of spectrum will be able to service a significant number 

of clients. This will alleviate the strain on the lower frequencies with their more limited 

bandwidth, allowing the customers with poor coverage to be priorit ised. FR2 is linked to higher 
attenuation, resulting in smaller cell sizes. This can be handled by increasing the deployment 

density of FR2 cells [15]. FR1 and FR2 can be used together to improve the network's 

performance and capacity. By having FR2 installations in regions where high transmission rates 
are required, such as commercial areas, while at the same time widening the 5G coverage with 

FR1 deployment, the strain on the highly used lower frequencies can be reduced and network 

efficiency can be enhanced [27]. 
 

2.4 5G Fronthaul Overview 

A fronthaul interface is required to transport data between the DU and RU. The common public 

radio interface (CPRI) is an industry collaboration aimed at defining publicly availab le 

specifications for the internal interface between the DU and RU. CPRI was most popular with 
LTE networks, and later, evolved CPRI (eCPRI) was introduced, which is an improved version 

of CPRI used in 5G NR. The eCPRI protocol is used as the fronthaul interface to transport data 

between eCPRI radio equipment (eRE) and eCPRI radio equipment control (eREC). eREC is 



 

 

22 

considered as the DU and eRE is the same as RU as shown in Figure 15. Each component eREC 

and RE has three service access points (SAP) user plane, control plane, and synchroniza t ion 

plane. eCPRI uses eCPRI specified transport network layer headers to transport data across 
these SAPs [28].  

 
Figure 15: eREC and eRE [28]. 

 

Control-plane messages are transmitted between the DU and RU. Their role is to convey 

scheduling and beamforming-related information to the RU. The control plane message has two 

headers: one is a common header for eCPRI, and the other is an application layer header. The 
application layer consists of fields for control and synchronization. The different sections within 

the application layer specify the user-plane data that is sent or received from a beam with a 

pattern id. Control plane messages have different section types targeting different scenarios. 
There are a total of 256 section types, currently only section type 0 to 8 are used. Section types 

9-255 are reserved for future use. 

 
2.4.1 O-RAN based eCPRI Interface 

The ORAN-ALLIANCE is a global consortium of wireless service providers, vendors, and 
research organisations focused on restructuring RAN products to make them interoperable  

between vendors, intelligent, open, and virtual. Currently the ORAN protocol uses the eCPRI 

protocol as a base for the fronthaul interface. The fronthaul data is transmitted in the fronthaul 
interface as control plane and user plane packets. The LLS-C interface is used for control plane 

packets, whereas the LLS-U interface is used for user plane packets, as shown in Figure 16 

(left). O-RAN has chosen a single split point between the O-DU and O-RU, which is known as 
the "7-2x" split. The split specifies the operations that are carried out in O-DU and O-RU [29]. 

The split is illustrated in Figure 16 (right). 
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Figure 16: gNodeB fronthaul interface (left) 7-2x Functional Split (right) [29]. 

 

The functional layer DL split is further shown in detail in Figure 17. The DL functional split 
for various L1 channels is handled in the O-DU. The L1 blocks have been discussed in Section 

2.2. The O-RU handles the fast fourier transform (FFT), CP, digital, and analogue beamforming 

operations. 
 

 
Figure 17: 7-2x NR DL Functional Split [29]. 

 
The functional layer UL split in Figure 18 depicts the higher layer operations performed 

between O-DU and O-RU. 
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Figure 18: 7-2x NR UL Functional Split [29]. 

 

The operations related to IQ and Beamforming are discussed in later sections.  

O-RAN includes numerous transport headers in the Ethernet payload to further define how 
application data should be addressed in the control and user planes. The transport header is 8 
bytes long in each case and provides basic support for correctly routing the data, correct values 
of the data flow type, sending and receiving antenna ports, the ability to support concatenation 

of multiple application messages in a single Ethernet packet, and sequence numbering. eCPRI 
transport header format is illustrated in Figure 19. Each parameter in the eCPRI transport header 

has a range of values specified by O-RAN which ensure that proper eCPRI message 
transmission is carried out [29]. Specifically, 

Figure 19: eCPRI Transport Header Format [29]. 

ecpriVersion handles the eCPRI protocol version. It is 4 bit long. 

ecpriReserved is reserved for future use;  

ecpriConcatenation is responsible for concatenation of multiple eCPRI messages; 
ecpriMessage identifies if a message is a control plane or a user plane message; 

ecpriPayload specifies the size of the payload portion of the related eCPRI message; 
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ecpriRtcid specifies the extended antenna carrier identifier (eAxC_ID). An eAxC_ID value is 

assigned an RU endpoint. Each RU has a unique eAxC_ID; 

ecpriSeqid identifies series of the messages at receiver so the receiver can reorder the message 
if required. 

 

One eAxC_ID consists of a Distributed unit identifier (DU_Port_ID), a Band and sector 
identifier (BandSector_ID), a Component-carrier identifier (CC_ID) and a Radio unit identifier 

(RU_Port_ID) also known as spatial stream identifier. eAxC_ID subfields are illustrated in 

Figure 20. 
 

 
Figure 20: eAxC_ID subfield [29]. 

 
As discussed earlier, there are several section types handling different scenarios. Section type 

1 handles UL and DL radio channels information transmitted between O-DU and O-RU. A 

section type 1 header is illustrated in Figure 21. A section type 1 message has the following 
fields. 

 

Common Header Fields:  

 dataDirection, 1 bit, specifies the direction of the data UL or DL. 

 payloadVersion, 3 bits, specifies the protocol version.  

 filterIndex indicates the channel filter used between the fronthaul eCPRI and air 

interface. 

 frameId, 8 bits frame identifier, is a counter for 10ms radio frames.  

 subframeId, 4 bits subframe identifier, is a counter for a 1ms radio frame.  

 slotID, 6-bit, identifies the slot number within a 1ms subframe.  

 startSymbolId, 6 bits, indicates the earliest symbol id.   

 numberOfsections, 8 bits, indicates the number of sections. 

 sectionType, 8 bits, indicates the section type as discussed above.  

 udCompHdr, 8 bits, specifies the compression method and the IQ sample bit width.   

 reserved, 8 bits, is reserved for future use. 

Section Fields:  

 sectionId, 12 bits, maps user plane data sections to the respective control plane 

messages. 

 rb, 1 bit, indicates if all the resource blocks are used or every other resource block is 
used.  

 symInc, 1 bit, indicates if the symbol number should be incremented to the preceding 

symbol. Since each message for U-Plane data is considered to convey data for only one 
symbol, this value is set to 0.  

 startPrbc, 10 bits, specifies the initial (lowest frequency) PRB indicated in the section 
description. 

 numPrbc, 8 bits, describes the number of PRBs the section transmits.  

 reMask, 12 bits, specifies the resource element (RE) mask within a PRB. 

 numSymbol, 4 bits, specifies the number of symbols, or PRACH repetitions in the case 

of PRACH event, to which the section control applies. 

 ef, 1 bit, indicates whether this section has any section extensions.  
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 beamId, 15 bits, specifies the beam pattern that will be used on the U-plane data towards 

the RU. If beamId is set to 0, no beamforming operations will be done; any other value 
up to 32767 indicates that beamforming is applied. The beamID handles all three types 

of beamforming: digital, analogue, and hybrid beamforming. The beamId is sent along 

with the respective rtcid or eAxC_ID towards the RU by the DU. The beamId is unique 
for each beam pattern id and assigns a beam weight and amplitude from a weight table 

in the RU. 

 
Figure 21: Section type 1 header [29]. 

 
2.4.2 IQ data 

The gNodeB uses QAM as a carrier modulation technique between the BBU and RU. QAM 
alters the phase and amplitude of the carrier signal. There are two waveforms produced: the in-

phase waveform (I) and the quadrature waveform (Q). The separation between the quadrature 

waveform and the in-phase waveform is one-fourth of a wavelength. The amplitudes of both 
waveforms are modified, and the final waveform possesses both amplitude and phase  

modulation. This waveform is employed to modify the carrier transmitted to the UE. In legacy 

base stations (BS’s), coaxial cables were used for transmission of RF signal from BS to the 
antennas. In addition to being big and expensive, these cables caused a significant amount of 

RF power loss throughout the transmission path. To circumvent this issue, modern BSs digit ise 

the baseband signal and transmit it to the radio unit situated on the tower via a fibre optic cable. 
This digital baseband data stream is known as IQ data and is contained in the eCPRI protocol 

headers [30]. 
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2.4.3 Error Vector Magnitude 

The Error vector magnitude (EVM) is a vector difference between the ideal reference signal 
with no error and the actual transmitted signal at a particular time, indicating the proximity 

between the IQ signal component created by the demodulator and the ideal signal component . 

Hence, EVM measures the amplitude and phase errors of modulated signals and is considered 
as an indicator of the modulated signal's quality. The smaller the EVM, the more improved 

signal quality. Mathematically, EVM is computed as the ratio of the rms average power of the 

error vector signal to the root mean square (RMS) average power of the target signal, expressed 
as a percentage as [31] 
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(1) 

 
where N represents the number of samples. 𝑆𝑟𝑒𝑓  represents the reference vector, 𝑆𝑟 represents 

the received vector, and 𝑆𝑒𝑟𝑟 = 𝑆𝑟𝑒𝑓 − 𝑆𝑟 represents the error vector. Figure 22 shows the error 

vector between the received and ideal symbol for a 64-QAM constellation diagram.  
 

               
Figure 22: 64-QAM Constellation Diagram (left) Error Vector between Received and Ideal 

Symbol (right) [31]. 
 

For verifying IQ data correctness from BBU towards RU, EVM is used as a performance metric. 

EVM levels for DL captures are specified by 3GPP which ensure that the system is working as 
expected. The EVM requirements for different modulation techniques for PDSCH should be as 

shown in Figure 23. 
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Figure 23: Required EVM for PDSCH [32]. 
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3  BEAMFORMING IN NR TDD SYSTEMS 

In a time division duplexing (TDD) wireless communication system, the DL and UL 

transmissions use the same frequency band. 3GPP NR has introduced reference signals for 

beam management in the DL and UL. Specifically, the CSI-RS and synchronization signal (SS) 
block are used in DL, while the SRS is used in UL. Due to channel reciprocity, the CSI of the 

DL broadcast can be calculated using information from the uplink transmission, and vice versa.  

Due to this, SRS can be utilised for beam management in both UL and DL directions. Table 1 
illustrates the UL and DL reference signals for beam management [33]-[35].  

 

Direction Initial access (idle UE) 
Tracking (connected 

UE) 

DL SS blocks (carrying the PSS, SSS and PBCH) CSI-RS and SS blocks 

UL 3GPP does not use UL signals for initial access SRS 

 

Table 1: Reference signals for beam management [33]. 

 
3.1 Beamforming Reference Signals in DL 

There are two types of distinct signals used in DL for beamforming management: CSI-RS and 
SS blocks. 

3.1.1 CSI-RS 

A UE can monitor and report back on channel conditions using a set of reference signals and  

CSI. When delivering Channel State Information to the gNodeB, the UE transmits reference 

signal received power (RSRP) measurement at L1. The RSRP is the linear average of the power 
contributions from a single RE. The RSRP is used for cell selection, reselection, power control 

computations, mobility operations, and beam management. The primary beam selection is 

based on the collection of SS/PBCH blocks and is adjusted by the CSI Reference Signal. The 
SS/PBCH blocks are transmitted over a DL channel using a collection of broad beams. To 

transmit the CSI reference signal, additional directed beams are used. A UE assesses each CSI 

reference signal broadcast to determine which of the additional directed beams is the optimal. 
A UE is able to measure and report the L1 RSRP for each CSI reference signal. Using the UE's 

CSI information, the gNodeB can select the strongest beam and initiate UE-specific downlink 

data transmission using PDSCH with DM-RS to estimate OFDM symbols in PDSCH as shown 
in Figure 24 [17], [36]-[38].  

 

 
Figure 24: CSI-RS transmission in DL [37]. 
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The CSI-RS messages are transmitted through spatial streams, which are specific to the type of 

transmission medium being used. CSI-RS is sent on the PDSCH channel in the TRS slot. CSI-
RS for beam management is used for beam tracking, beam measurement, and beam refinement. 

When the request for sending CSI-RS is received, the CSI-RS message sequence is initia ted, 

allotted the required resources, and sent in their respective system frame numbers (SFNs) and 
slot frames. For CSI-RS tracking, two symbols are used in each slot, with a separation of four 

symbols each. Tracking mode only uses one antenna port, and the characteristics of the signal 

depend on the frequency range. In CSI-RS measurements, multiple antenna ports are used. This 
is done so the UE can easily estimate the channel matrix. Using the UE's CSI information, the 

gNodeB can pick the strongest beam and commence UE-specific DL data transmission via an 

estimated channel. The UE calculates CSI-related information and parameters such as the CQI, 
the precoding matrix indicator (PMI), RSRP, and the rank indicator (RI), among others [37]-

[39]. In L1 PET, CSI-RS messages are generated using MG and transmitted using FDC for L1 

testing. 
3.1.2 SS blocks 

During the network establishment phase, a UE synchronises with the gNodeB using both SS 
and the PBCH. PSS and SSS can be used together to determine a total of 1008 physical cell IDs  

[40]. The PBCH, together with the PSS and SSS, make up the SSB, which is the basic 5G 

framework with beamforming functionality as well as for cell identification and overall system 
access. There are two DL synchronization signals used by the UE to capture frame timing and 

cell identity:  

o PSS/SSS: A frequency-domain Zadoff-Chu sequence serves as the foundation 
for the PSS. By identifying and decoding SS, a UE can synchronize in the 

time/frequency domain, determine the physical cell identification, and collect 

PBCH channel time instants. The PSS/SSS and PBCH centres are in phase with 
one another [40]. 

o PBCH: The PBCH includes the master information block (MIB). The MIB 

consists of important information for the UE through which it can access the 
gNodeB cell, such as the SFN and location of the common resource grid. The 

MIB also has information about the system information block (SIB). Any UE 

that can connect to the NR cell must first decode information from the PBCH. 
The SSB is shown in Figure 25. The PBCH also includes DM-RS for PBCH 

which is used for channel estimation [17], [40]. 

 
Figure 25: SSB Structure [17]. 
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3.2 Beamforming Reference Signals in UL 

There are three types of reference signals in UL: SRS, DM-RS, and PT-RS. 
 

3.2.1 SRS 

SRS is a reference signal sent in the 5G NR UL to measure the channel quality. The information 

captured using the SRS signal is the basis for estimating the effect of multipath fading and 

power loss on the signal received at the gNodeB from the UE. The gNodeB utilizes SRS to 
approximate the UL channel quality over a larger bandwidth. The combined impact of multipath 

fading, scattering, Doppler, and power loss on the transmitted signal is disclosed by SRS. UE 

uses UL physical signals known as SRSs for UL channel sounding, which includes channel 
quality evaluation and synchronization. SRS allows UL channel-dependent scheduling and link 

adaptation, unlike DM-RS, which are linked to specific physical UL channels. In technica l 

terms, an NR-SRS is an OFDM-based UL signal that consists of a Zadoff-Chu sequence 
transmitted on various subcarriers. SRS is used for DL-based MU-MIMO spatial multiplexing 

and UL timing control transmission. To use the channel sounding capability, the UE and 

gNodeB must both be aware of the SRS [41], [42]. 
 

Overall, there are two phases of SRS generation initiation. In the first phase, from the 

perspective of the BBU L1 and radio, once there is a request from the radio for UL data, the 
UE sends the SRS information in a dedicated SRS slot. Depending on the type of radio feature, 

the required parameters are activated, e.g., for beam management or SU-MIMO. SRS sequence 

generation is started in the second phase in the physical layer of the BBU. In L1 PET, SRS 
message initiation begins with sequence generation: a pseudo-random code is generated at the 

start of each radio frame. SRS is transmitted on a dedicated SRS resource block. The resource  

block is mapped to a specific antenna port. The SRS slot is selected such that it can 
accommodate the SRS resource that has been configured. SRS reception is managed using SRS-

RSRP measurement, which mitigates cross-link interference. This process is illustrated in 

Figure 26 [17], [21]. 

 
Figure 26: SRS from L1-Radio Perspective. 

 
SRS is a dedicated signal that is broadcast by the UE to the gNodeB at precise points in time 

and frequency inside the resource grid. SRSs operate similarly to DM-RS, which is used to 

estimate the channel so that transmitted symbols can be demodulated correctly. Nevertheless, 
DM-RS are only transmitted along with data over PUSCH. By using SRS, the UE is able to 

transmit signals on virtually any frequency, and these transmitted and received signals are then 

utilised to estimate the channel on the specific frequency (as a single complex number). A 
gNodeB can capture the insightful channel properties of the radio channels between a UE and 

the gNodeB by computing a channel covariance matrix. The covariance matrix efficient ly 
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encodes noise components, multipath propagation among radio channels, and correlations 

between receiving gNodeB antenna components. The covariance matrix is estimated to 

generate beamforming weights for desired data transmission between the UE and the gNodeB. 
The beamforming weights are explicitly derived from the decomposition of the covariance 

matrix [43]. 

Figure 27 illustrates an example of how it is possible to perform SRS-based beam management 
in L1 and SRS-based SU-MIMO. To study more carefully the role of L1, the transmission could 

be narrowed down from RU towards L2. For both beam management and SU-MIMO, L1 

receives the SRS data stream and performs channel estimation. If the flag for SRS-based beam 
management is activated, L1 calculates the covariance matrix as discussed above and transmits 

it to L2. If the SRS-based SU-MIMO flag is activated after channel estimation, L1 reports the 

precoding matrix and rank to L2 for initiating the scheduler to perform stream transmiss ion 
towards the UE for SU-MIMO operation. 

 

 
Figure 27: L1 based SRS BM & SU-MIMO from radio perspective. 
 

3.2.2 DM-RS 

DM-RS is used to approximate the radio channel and is unique for each UE. DM-RS can be 

beamformed by the framework and scheduled when required in UL or DL. DM-RS is sent on 

demand. DM-RS is utilized to estimate the radio channel based on information available in the 
PBCH [44], [45]. 

3.2.3 PT-RS 

PT-RS is introduced in 5G NR to track the phase of the signal and reduce performance loss 

caused by phase noise [46], [47]. Notice that mmWave devices and network access points suffer 

from severe phase noise, primarily as a result of the mismatch between the transmitter and 
receiver frequency oscillators. Phase noise is caused by the up conversion of noise from active 

components and lossy parts of the oscillator circuit to the carrier frequency.    
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3.3 Beamforming in 5G 

Individual antenna signals are manipulated to control the radiation direction. Specifically, the 
magnitude and/or phase of each antenna element are weighted such that a beam-like radiation 

is generated. The concept of beamforming is based on constructive and destructive interference : 

elements in an antenna array are arranged in such a manner that a specific angle covering a 
particular sector has constructive interference, whereas the rest of the sides have destructive 

interference. This way, the beam can be focused on a specific direction, providing a strong 

signal for communication [48], [49]. 
 

3.3.1 Types of Beamforming in 5G 

There are three distinct types of beamforming:  digital, analogue, and hybrid [48]. Digita l 

beamforming encodes the signal in the digital baseband domain and forms multiple independent 

beams that can be steered in any direction. Analogue beamforming uses phase shifters to steer 
the signal in a specific direction. The former provides better and faster control of amplitude and 

phase, which enhances system performance, but it is expensive and more power-consuming 

than analogue beamforming. The combination of analogue and digital beamforming techniques 
is known as hybrid beamforming [50], [51]. 

 
3.3.1.1 Digital Beamforming 

In digital beamforming, weights are processed in the baseband using UL and DL information 

from the system module and RU. Beamforming weights are assigned dynamically, and 
transmission occurs in UL and DL channels based on them. Each beam in a cell coverage area 

has a separate digital beamforming implementation. In digital beamforming, the amplitude and 

phase of the digital signal are varied prior to digital-to-analogue conversion at the transmiss ion 
end, as shown in Figure 28 [48]. 

 

 
Figure 28: Digital Beamforming. 

 
There are two types of digital beamforming techniques: 
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 Eigen Based Beamforming (EBB):  A uniform rectangular matrix is used to model the 
BS antenna arrangements. Then, the precoding matrix for beamforming is generated by 

using singular value decomposition (SVD) at the BS. The precoding matrix consists of 

eigenvectors and eigenvalues corresponding to the BS antenna arrangements that 
control the beam formation through the BS matrix. In EBB the DL beam weights are 

computed dynamically by using the SRS signal sent by the UE UL towards the gNodeB 

[48]. 
 

 Grid of Beams Beamforming (GOBB): Utilises precoding vectors to weight the 

transmission streams based on QAM symbols that are transmitted on the same 
frequency and time resources. Precoding vectors consist of a predetermined set of 

vectors that represent the defined beams. In GOBB pre-defined beam sets are stored in 

the RU. For each pre-defined beam set a beam id is reserved. The baseband unit sends 
beam id towards RU to select a particular beam set. Based on CSI-RS, the baseband unit 

selects the most suitable beams for the coverage area from these beams sets [48]. 

 

3.3.1.2 Analogue Beamforming 

In analogue beamforming, the output from a single RF transceiver is split into several paths. 
Each single signal path element is then passed through an analogue phase shifter and amplified 

before it is transmitted at the antenna element. The weights are computed in the digital domain 

and applied in the analogue domain via phase shifters, which produce a specific beam pattern. 
Figure 29 illustrates this process. Analogue beamforming is cost-effective as it requires minimal 

hardware resources as compared to digital beamforming, but the issue is that it handles only 

one data stream and generates only one signal beam, which limits multi-user support [48]. 
 

 
Figure 29: Analogue Beamforming. 

3.3.1.3 Hybrid Beamforming 

The different stages in the analogue domain are combined with digital beamforming in the low-

pass signal domain to create hybrid beamforming. In hybrid beamforming precoding is applied 
to both the digital and analogue domain. Hybrid beamforming is mainly used to utilise spatial 

multiplexing and avoid the use of many RF up/down converters to save energy and cost [52]. 

Figure 30 illustrates the process of Hybrid Beamforming in a gNodeB. 
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Figure 30: Hybrid Beamforming. 

3.3.2 Digital Beamforming in L1 

To initiate beamforming, the UE first must establish a connection in both UL and DL directions. 

This is done using the Initial Access Procedure. Synchronization signals (PSS and SSS) are 

used to send data over SSBs. Each SSB in a burst is connected to a specific angular direction. 
gNodeB uses sequential methods to sweep the whole sector covered by the cell. The gNodeB 

uses beam measurement to measure the SSB beams and beam determination to determine the 

best beam. UE sends the best beam index to the gNodeB, and based on that, the gNodeB selects 
the best beam for UE. CSI-RS signal is transmitted by gNodeB for beam refinement. gNodeB 

transmits CRI (CSI-RS Resource Indicator) to instruct the UE to identify the strongest CSI-

Reference Signal. The best downlink refined beam is found and reported by the UE. 
Additionally, the UE reports the Layer 1 RSRP, which is calculated using the strongest CSI 

Reference Signal. Then, the optimised beam is suitable for PDCCH and PDSCH transmissions.  

Beams in L1 PET are generated by code. A configuration of beams used in a cell is included in 
a beam set. A beam set consists of rows that scan the cell range. The beam set consists of two 

fields: one for scanning the border area of the cell and another for scanning the central region 

of the cell. The beam set's rows and columns depict the highest and lowest pointing beams. A 
pattern ID addresses beam weight vectors. Rules for pattern ID in beam sets are defined [21]. 

The beamforming procedure is illustrated in Figure 31. 
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Figure 31: Beamforming Procedure. 
 

Beam Sweeping & Measurement: Beam sweeping is done using SSB, and the direction of the 

beam is changed according to the SSB transmission. At a particular interval, multiple SSBs are 
sent to the UE. Each of the SSBs has a unique SSB index and is transmitted using a dedicated 

beam in a specific direction.  

Beam Determination: The UE measures the strength of the signal for each SSB and picks the 
signal with the strongest strength for that UE, which is considered the best beam. 

Beam Reporting: Once UE determines the best beam, it reports it back to the gNodeB using 

beam reporting. 
Beam Refinement Based on CSI-RS Transmission (Wide and Narrow Beams): 

Once a UE and gNodeB RRC connection is established, it is now possible to perform beam 

refinement. CSI-RS is used to perform beam refinement. Beamforming weights are used to 
generate wide and narrow beams using SS/PBCH and CSI-RS DL signals. The wider beams 

use the SS and PBCH signals, while the narrow beams use the CSI-RS.  

CSI-RS is mapped to a single logical antenna port. The DL transmitted beam is received by the 
gNodeB via a single antenna port. The gNodeB uses CSI-Reporting to report the strongest CSI-

RS signal. The report includes the CSI-RS Resource Indicator, known as the CRI, which is used 

to find the best refined beam. The UE also reports the RSRP, which is based on the measurement 
from the most powerful CSI-RS. The beam that is chosen as the refined beam is transmit ted 

using both PDCCH and PDSCH. In general, refined beams are mostly used by PDSCH, whereas 

PDCCH uses the wider SS and PBCH beams. The gNodeB uses the beamforming weights set 
to switch between beams through the PDCCH and PDSCH without notifying the UE [21], [37]-

[38]. 

 
3.3.3 Beamforming Implementation approach in L1 PET 

Overall, the L1 environment has multiple components that work together for L1 data 
transmission from the radio to the UE and verification of the transmitted data. The main 

components that play a key role in the implementation of beamforming concern frame structure, 

cell setup for UL and DL, message generation and handling in UL and DL data, and message 
capturing at the UE end (whether correct messages are transmitted or not). For verifica t ion 

purposes, plots from test logs are used to verify whether each frame slot has the correct message 

or not. Figure 32 gives an overall overview of the beamforming implementation in L1. 
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In L1 PET, FDC uses the NR frame design to transmit messages generated using MG in frame 

slots. Depending on the type of message, a frame slot or period is chosen for transmitting the 
message. There are two types of messages in L1: periodic (SSB, TRS, RA) and slot (D, U, S, 

B) messages. Messages consist of technology, a frequency band, a mask, a subframe, and an 

SFN. The frame design has two components: the SFN and slot number. SFN and slot number 
instruct L1 SW when to handle messages and how to process them. The type of message 

transmitted in the periodic and slot messages varies, such as SSB, CSI-RS, and SRS messages, 

which are suitable for periodic transmission, whereas DL and UL messages are transmitted in 
the slot messages. Slot format depicts how a particular symbol is used inside a slot. It specifies 

which symbol is used for UL or DL [53]. As discussed, FDC has different slots for different 

messages; the slots can be considered a medium for message transmission through a specific 
UL or DL channel. FDC provides the frame through which the radio streams are transmit ted. 

The type of technology or frame structure provided by FDC for a particular test case depends 

on the test case that needs to be passed through the SCT environment. In our case, it is the 
beamforming case.  

 

The MG sets up the L1 Software (SW) configuration and messages that are transmitted to the 
L1 testing environment using FDC frames. MG contains cell message-specific information for 

test cases that use DL and UL cells. (UEs, beams, cells, channel parameters, etc.).  

 
The scheduler allocates cell and UE-specific information, such as MCS, UL/DL channel 

parameters, the number of layers and beams, etc., to appropriate slots based on information 

from UE. As per the specification documents, there are different slot patterns for NR TDD. The 
FDC designs the frame structure, MG provides the messages, and the scheduler schedules those 

messages in the correct frame slots.  

 
In the test case, cells are set up for UL and DL. Messages are loaded into the framework, and 

the testcase executes the control plane and user plane through the L1 tester. Based on the output 

generated by the tester tool, one can analyse the amount of successful UL or DL data throughput 
transfer. 
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Figure 32: Beamforming Implementation in L1. 

 
3.4 Background for MU-MIMO Beamforming 

As discussed in Section 1.1, MIMO is the use of multiple antennas at the transmitter and 

receiver for multipath propagation over a single radio channel. MIMO deployments are used 
widely due to their high transmission throughput and consistent communication characterist ics. 

MIMO increases the data rate and channel capacity by increasing the number of antenna 

components on both the transmitter and reception sides [54]. There are mainly four different 
types of antenna configurations which are used to prevent the degradation induced by multipath 

propagation on a transmission channel. MIMO systems work by utilising current bandwidth 

and transmitting power resources to increase channel capacity. Different antenna configura t ion 
help in improving diversity of the system. Antenna diversity is a strategy for improving radio 

communication and increasing the likelihood of a packet passing through between a receiver 

and a transmitter in a non-static scenario. There are two types of MIMO schemes: open loop 
(OL) MIMO and closed loop (CL) MIMO. CL MIMO schemes require PMI feedback from the 

UE, whereas OL MIMO schemes do not require PMI information and already have a fixed 

precoding matrix [55]-[57]. There are mainly four different antenna setups used in wireless 
communication scenarios, which have been discussed below.    

Single Input Single Output (SISO): A SISO system consists of a single antenna at the 
transmitter (TX) and the receiver (RX). Only a single spatial stream is transmitted between 

them. A SISO system is susceptible to interference and fading due to the use of single antennas, 
which highly affects the performance gain [58].  

Single Input Multiple Output (SIMO): A SIMO system has a single TX antenna, whereas it 

has two or more receive antennas, which increases diversity at the receiver. The input signal is 
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sent on two different paths. Two basic techniques are commonly adopted in a SIMO system: 
switched diversity and maximal ratio combining (MRC). In switched diversity, the receiver 
picks the best antenna to receive a stronger signal from the transmitter. If the signal from one 

path is corrupted, the receiver uses the other path to decode the signal. In MRC implementat ion, 
the receiver combines signals from all its antennas to optimise the SNR. The performance of 

SIMO systems scale with the number of receive antennas [59]. 

Multiple Input Single Output (MISO): A MISO configuration has two or more antennas at 

the transmitter and one antenna at the receiver. This is also known as transmit diversity. 

Alamouti space time coding (STC) is used with two transmit antennas, allowing the transmit ter 
to transmit signals in both time and space. The two antennas transmit data at two different times 

successively. The STC is limited to 2 TX antenna systems, so it has low complexity. There are 

transmit diversity schemes with more than two transmit antennas such as orthogonal space-time 
block codes (OSTBCs) and space-time trellis codes (STTC) [60]. In general, the performance 

of MISO systems increases with the number of transmit antennas.  

 

Multiple Input Multiple Output (MIMO): There are several transmit and receive antennas 

in a conventional MIMO system. Consequently, it permits the propagation of numerous 

spatially different data streams across the channel. It is capable of delivering several signal 
streams via separate paths; thus, these data streams are separated and reconstructed at the 

receiving end. The performance of MIMO systems increases with the number of transmit and 

receive antennas [61].  
 

3.4.1 SU-MIMO 

In legacy networks, an antenna emitted a wide-shaped beam, depicted in Figure 33 (left), with 
low energy concentration and causing high interference, leading to severe coverage loss and 
limited throughput. With the evolution of wireless technologies, it became possible to form 

beams using large-scale antenna arrays instead of a limited number of directional antennas. This 
approach provides a narrow-shaped beam, as can be seen in Figure 33 (centre), with high signal 

strength and lower interference to others UEs. In SU-MIMO, multiple data streams are 
transmitted using spatial multiplexing via different antennas, utilizing the same time-frequency 
radio resource and PRBs for a single user. In SU-MIMO, several data streams may be 

transmitted to a single UE, which results in, improved spectral efficiency, high throughput, and 
increased cell capacity [62]. 

 

 
Figure 33: Legacy Network Coverage (left), SU-MIMO Beamforming (centre), and MU-

MIMO Beamforming (right). 
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3.4.2 MU-MIMO 

In MU-MIMO, spatial multiplexing allows sending numerous data streams through various 
antennas using the same time-frequency radio resource to multiple UEs, as depicted in Figure 

33 (right). Notice that spatial multiplexing is used to transmit individual data signals segregated 

in the space domain. Specifically, space-division multiple access (SDMA) is a channel access 
approach based on constructing parallel spatial pipes (focused signal beams) next to larger pipes 

through spatial multiplexing and/or diversity (where multiple users may need to use the 

communication media simultaneously). SDMA increases signal to interference ratio (SIR) by 
spatially positioning users far apart from each other to mitigate co-channel interference [63], 

[64]. From a radio perspective, spatial multiplexing commissions a radio interface that consists 

of transmit and receive antennas to exchange information on independent spatial streams. TX 
antennas transmit various symbols at the same time and frequency. 

 

The implementation of precoding techniques on the transmit side is a fundamental requirement 
for MU-MIMO transmission schemes. Precoding is a generalisation of beamforming for 

supporting multiple stream transmissions in MIMO wireless communication systems. LTE 

MU-MIMO systems currently employ linear precoding (LP) methods [65]. Classical examples 
of LP methods are the matched filter (MF), zero forcing (ZF), regularised zero-forcing (RZF), 

and minimum mean square error (MMSE) [66]. LP methods were suggested to be replaced by 

non-linear precoding (NLP) methods such as dirty paper coding (DPC) and hybrid precoding 
schemes during the 5G NR phase of 3GPP standardization [67]. In the 3GPP NR specifications, 

Type-l and Type-2 codebooks have been defined based on the CSI feedback precoding 

algorithm in support of advanced MIMO operation. Both forms of codebooks are created from 
a 2-D DFT-based grid of beams and support CSI beam selection feedback [68]-[70]. In 5G 

specifications, MU-MIMO requires a scheduler to assign each user to a specific TTI. For MU-

MIMO, multiple users are scheduled within the same RB and multiple data streams are 
transmitted simultaneously to each user. The BS determines the RB allocation, number of data 

streams, and MCS assignment for each user within each time slot [71], [72]. Figure 34 illustra tes 

the process of a 5G MU-MIMO gNodeB serving multiple users with respect to time slot 
resource blocks. 

 

Figure 34: (a) 5G MU-MIMO gNodeB serving multiple users (b) Time slot Resource Blocks 
serving UE’s [71]. 
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5G NR systems operating in FR1 leverage digital beamforming, where the transmit antenna 
components generate N digitally controlled elements in baseband known as antenna ports, each 
of which is a measurement reference signal. In the DL, the CSI-RS is used to transmit 

information in the antenna elements. A gNodeB broadcasts digitally precoded pilot signals for 
CSI estimation to the UE, and the UE generates a CSI report based on them, which it sends to 

the gNodeB in UL. The gNodeB builds a precoding algorithm using the CSI report and a 
codebook of vectors and matrices for precoding. Release 15 of the 5G NR specifica t ion 
provides Type-I and Type-II codebooks with low and high resolutions, respectively. The Type-

II codebook is intended to offer quantized channel eigen-vector feedback, which is crucial for 
spatially multiplexing data transmission to numerous UEs [73]. 
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4 MU-MIMO BEAMFORMING IMPLEMENTATION AND 
VERIFICATION IN L1 

This chapter focuses on the implementation and verification details of MU-MIMO 
Beamforming in L1 PET. The content discussed in previous chapters provides a basis for 

understanding the work performed in this chapter. The first section of this chapter introduces 

L1 PET test setup and other components involved in testing, and details test script 
configurations and test script algorithms. The second section presents the MU-MIMO 

beamforming verification results obtained in L1 PET. 

 
4.1 Test Setup and Components 

In L1 PET, UEs are static, and there is no radio in the testing environment, only a BBU, a virtua l 
L1 PET test environment, and an L1 Testing tool. Figure 35 provides an overall overview of 

the L1 PET testing setup. The components required for testing are developed in the L1 PET test 

environment using Python programming language, shown in Figure 36. The implementation of 
MU-MIMO Beamforming in L1 takes place in multiple components of the L1 PET components  

but mainly in the MG, scheduler script, and test script.  

 
 

Figure 35: L1 Testing Setup. 

 

 
Figure 36: L1 PET Test Environment  
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The testing script implementation phase includes parameters and new logic defined by Nokia 

L1 specifications for handling beamforming and MU-MIMO to the MG, FDC, and scheduler 

script. The following Python modules are Nokia proprietary software. They are initiated in MG 
when the MU-MIMO beamforming script is executed in the BBU for testing. 

 

 SSB_Builder.py: This script builds the SSB messages and constructs a framework for 

the MIB and SIB. For the MIB, it deals with information such as what type of cell is 

used when beamforming is activated or deactivated. 

 PDSCH_Builder.py: This script is responsible for building DL data based on 3GPP 
specifications for 5G NR. This DL data is used in the MU-MIMO beamforming script. 

Different MIMO configurations, precoding, TX mapping, and spatial multiplexing for 
PDSCH are implemented in this script. It also handles the beamforming in DL. The 
logic for handling DM-RS parameters configuration, defined as per specification, is 

handled in this script. The number of layers based on RI and the number of PRB required 
by MU-MIMO are also handled by this script.  

 PDCCH_Builder.py: Handles DCI and is also responsible for handling beam id 

specified by O-RAN. 

 PUSCH_Builder.py: Generates UL data used in the test script. It transmits UCI and 

handles reference signals (DM-RS and PT-RS) parameters. The UL CQI information is 

reported using this script. 

 PUCCH_Builder.py: Handles PUCCH formats, which are responsible for the possibility 

of UE multiplexing in the same PRB. 

 PRACH_Builder.py: The UE generates PRACH preambles transmitted towards L1, 
which initiate the random-access procedure. 

 CSI-RS_Builder.py: Builds CSI-RS transmitted in DL for beam tracking, beam 
refinement, and beam measurement as discussed in Section 3.1. 

 SRS_Builder.py: Generates SRS for UL transmission. This script basically handles SRS 

configuration for UE and SRS for beam management as discussed in Section 3.2. 
 

The frame structure required for MU-MIMO beamforming is set in the FDC as per 

specifications. The required parameters for testing are configured in the scheduler script as per 
test specifications. The script schedules the parameters through the MG blocks: SSB, PDSCH, 

PDCCH, PUSCH, PUCCH, PRACH, CSI-RS, and SRS.  

 
4.1.1 Test script configuration 

The test script configuration used for testing MU-MIMO beamforming is shown in Figure 37. 
The test setup configuration is based on 5G SA, FR1, 100 MHz bandwidth, cell type NR TDD, 

and a beamforming algorithm with CSI-RS in DL and SRS in UL. The Python test script is 

responsible for running the data through the L1 testing tool. An overview of the 
MuMIMOBeamforming.py test script is provided in Figure 38 below. The main classes and 

methods used in the script are as follows: 
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Figure 37: Test Script Configuration Overview 

 

 Class setup_eCPRI: This class handles the control plane and user plane eCPRI messages 

that need to be set up for correct data transmission through the eCPRI interface. 

 Class setup_L1Channels: This class handles loading of the DL and UL data from the 

scheduler into the DL and UL interfaces generated by MG. Once the data is loaded, MG 

generates CSI-RS and SRS and transmits them in DL and UL, respectively.  
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Figure 38: MuMIMOBeamforming.py test script structure 

 
4.1.2 MU-MIMO beamforming L1 testing script algorithm 

The MU-MIMO beamforming Python test script is the main algorithm for testing of MU-

MIMO in L1 with beamforming. The script follows the following steps once the eCPRI setup 
is complete: 

 Activate the feature dedicated to beamforming and MU-MIMO in the MU-MIMO 
Beamforming Python script. The test script algorithm, as shown in Figure 38, loads the 

correct parameters into each class definition depending on the parameters required for 

the MU-MIMO beamforming from the scheduler script. The test parameters are 
specified in the specification documents. 

 The scheduler script schedules test parameters to FDC frame slots, and it also initiates 
different processes in the MG, as explained in Section 4.1. 

 The number of beams set in the scheduler script are transmitted on the SS and PBCH 
blocks. The scheduler schedules spatial streams for UEs. The test script is configured 
for 2 UEs, which achieves rank 4 with 2 UEs. There are four layers scheduled per UE. 

 The UEs are connected to the available beams. When a UE receives the SSB beam and 

decodes PBCH, at the same time, the gNodeB is listening for PRACH preambles from 

the UE. The UE connects to the gNodeB cell using the PRACH procedure based on the 
PRACH script in the MG.  

 Different features from the specification are combined to achieve MU-MIMO 
beamforming in L1 PET. During test script setup, SRS configuration is reported by MG 
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to UE in DL. Cell-specific CSI-RS is configured in DL. This enables CSI-RS in DL and 

SRS in UL. The UE sends SRS based on MG configuration. SRS is used for beam 

management. The SRS-based beam management algorithm is configured in the SRS 
builder Python script; it handles SRS processing for reporting the best beam in the UL 

direction. The MG calculates the best beamId to be transmitted in the DL channels based 

on SRS. The scheduler sets the MCS, and data layers based on the CSI report, which 
consists of the CQI and RI. The overall SRS and CSI-RS based signalling process 

between the L1, and UE is shown in Figure 39. 

 
Figure 39: MU-MIMO Beamforming Test Flow 

 

 
4.2 MU-MIMO BEAMFORMING VERIFICATION IN L1 

In L1 testing, verification is considered one of the essential tasks because it verifies that the 

implemented feature is working as expected. It is important to test the feature to make sure that 
the MU-MIMO beamforming test is sending the right information from the BBU to the RU. 

For beamforming verification, the fronthaul eCPRI headers are used to validate that correct 

beamforming information is being delivered towards the RU. The DL eCPRI IQ data is captured 
when the test is run and analysed afterwards using different IQ analysis tools. Wireshark is a 

network protocol tool used to analyse network characteristics and verify the network parameters 

captured from the gNodeB logs. The network log file generated by the gNodeB is a pcap file. 
A pcap file is basically an application programming interface (API) used to capture network 

traffic. Wireshark supports the analysis of pcap files and the eCPRI protocol. The IQ data is  

captured in a pcap file and analysed with different tools for verification [74]. Figure 40 
illustrates the DL eCPRI capture of both control and user-plane IQ data. For MU-MIMO 
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verification, UE per TTI analysis, RI, PRB count, CQI, and throughput are used to verify that 

multiple UEs are being served in one transmission slot. 

 

 
Figure 40: Wireshark DL eCPRI capture Control and IQ data.  

 
4.2.1 Beamforming Verification Phase 1 

The verification is divided into two phases. From the L1 perspective, the first step is to confirm 

that the BBU is transporting the correct beamIds towards the RU. DL data is captured from the 
MU-MIMO beamforming test script and analysed using Wireshark. The eCPRI protocol 

dissectors are set to be able to decode the eCPRI captured packets in the correct format. The 

real-time control data packets contain the information required to instruct the RU to perform 
beamforming operations. The information in these fronthaul packets is generated by L1. It is 

verified that the beamIds set in the implementation phase, 0x01c3 (451), and 0x01c8 (456), are 

as expected; there have been no modifications during the test run; and correct information is 
being sent towards the RU in DL. The beamId used in each section is depicted in Figure 41.  
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Figure 41: Wireshark DL eCPRI capture (Correct beamId assigned to the Section Type-1) 

 

In the L1 PET environment, pcap files are generated after a successful test run and can be found 
in the test run logs. The pcap files are analysed using Wireshark. As L1 PET uses the Python 

programming language for SCT and overall development, it was possible to parse the eCPRI 

logs using eCPRI Python utility scripts to parse the required information from the pcap file into 
a java script object notaion (JSON) [75] file, which is an open standard file format and is 

compatible with many other components of the test environment for automated verificat ion. 

The parsing process is less time-consuming than loading the file into Wireshark. Figure 42 
shows the DL eCPRI information that is parsed from a Wireshark pcap file captured at the RU 

end. The capture has information about frame ID, subframe ID, ceaxc_ID, RU_Port_ID, and 

BeamIds required for processing at the RU end. The test script used for transmission from DU 
to RU has the same parameters, e.g., ceaxc_ID, RU_Port_ID, and BeamIds. This indicates that 

the information has not been corrupted during transmission. 

 

 
Figure 42: DL eCPRI capture parsed from Wireshark pcap file 
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4.2.2 Beamforming Verification Phase 2 

In the second phase of the verification, the IQ data is analysed using two different tools used in 
Nokia [76]: Analysis Tool A and eCPRI PCAP Analyser. The correctness of the IQ data is 

verified from the IQ constellation based on the modulation scheme used in the test script and 

the beams sent in the SSB blocks visible in the resource grid. The EVM is used as a performance 
measurement metric to evaluate the correctness of the IQ data sent from BBU to RU via the 

fronthaul interface. From the L1 perspective, if the EVM levels are not as per specifications, 

then there is a parameter issue due to which incorrect data is being transmitted towards the RU. 
As discussed at the beginning, a gNodeB has multiple components, so from a testing 

perspective, it becomes very hard to identify where the issue lies when a particular key 

performance indicator (KPI) is degraded. This sort of testing narrows down the issue and makes 
problem identification and solution more efficient. 

The SSB generated by the MG is analysed to confirm that it is correct. Figure 43 is from a 

testcase pcap capture with two beams having respective beam ids of 451 and 456 sent on SSB 
towards UE in DL. The SSB is decoded correctly, having PSS, SSS, and PBCH blocks. The 

beam ids sent on SSB are used to perform the NR beam sweeping procedure. 

 

 
Figure 43: Correctly decoded SSB with beam ids 
 

A 64 QAM DL pcap capture analysis using the eCPRI PCAP Analyser is shown in Figure 44 

below. The pcap has been captured at the RU end. The pcap capture has PDSCH IQ data going 
from DU towards RU with beamforming control information. The analysis includes six 

different figures, each indicating the quality of the PDSCH capture. The EVM vs. symbol plot 

indicates the lowest and highest EVM as a function of the OFDM symbol index. The equalised 
constellation plot portrays the 64 QAM constellation for an ideal symbol and the captured 

symbols in the capture. The EVM percentage of the capture is observed at 0.58%, which is as 
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per the 3GPP PDSCH requirements for 64 QAM. The EVM vs. frequency plot calculates the 

EVM as a function of the OFDM subcarrier index. The cross-correlation plot indicates the 

quality of the captured data by performing channel estimation. The latter comes from 
calculating the timing offset for the capture based on the PDSCH DM-RS parameters. A clear 

peak visible in the cross-correlation plot indicates that the captured data is fine and not distorted 

due to the transmission channel. The KPI report plot shows the EVM, time offset, frequency 
offset, IQ power level, and SNR of the PDSCH capture. The KPIs of the capture indicate that 

the offsets and power levels for the captured data are as per specification. The last plot is the 

frequency domain resource grid of the captured data; it verifies that the resource grid is as per 
the configuration parameters. If the capture has an inaccurate cross-correlation peak or other 

performance metrics are distorted, it indicates that the beamforming control information 

towards RU in DL is erroneous. 
 

 
Figure 44: 64 QAM DL Capture Analysis 

 
4.2.3 MU-MIMO Verification 

For MU-MIMO verification, log files from an end-to-end testing environment having real- time 
BBU, RU, and UE are compared with log files from the L1 PET environment [77]. Similar 

results were observed during testing. The UE logs report the parameters shown in Figure 45 

when the MU-MIMO beamforming test script is run. The first parameter is the UE per TTI , 
which confirms that there are two UEs in the same TTI, i.e., MU-MIMO. The second parameter 

is the number of layers or data streams scheduled per UE, which are set as per the RI reported 

by the UE. Rank 4 indicates 4 layers, thus 4 layers per UE are assigned by the scheduler. The 
total number of layers in a single cell is 8 because each UE reports rank 4. The CQI contains 

information that aids in determining how good or bad the quality of a communication channel 

is. The UE submits the CQI as a response to CSI-RS, and it specifies the MCS and coding rate 
that the gNodeB should use. The key concepts involved in increasing data connection transfer 

throughput are MCS and CQI. CQI values range from 0 to 15, with 15 being reported for the 

MU-MIMO beamforming case, indicating that a high MCS and code rate is scheduled.  
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Figure 45: MU-MIMO Beamforming UE per TTI/ DL Layers per UE/ CQI 

 

MIMO enhances spectral efficiency by permitting the transfer of many data streams 
simultaneously. By employing MU-MIMO, spectral efficiency can be further enhanced. In 

MU-MIMO, beamforming is used to assign the same time and frequency domain resources to 

multiple UEs. These UEs are separated in the spatial domain so that they can reuse the PRB 
without causing one another considerable interference. A 100 MHz channel bandwidth supports 

273 resource blocks with a 30 KHz SCS. From the log assessment after a successful test case 

run, it is observed that both UEs are allocated the same 271 PRB by utilising spatial separation 
of the DL data streams in a single slot, and the remaining 2 PRB are utilised for sending SSB. 

This makes the overall PRB count in one cell equal to 542 as shown in Figure 46. A high PRB 

count results in higher throughput. 
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Figure 46: MU-MIMO Beamforming PRB count 

 

In wireless communication, throughput is a crucial metric that reflects how much data has been 
transferred from a source in a given amount of time. Throughput verification in L1 PET has 

been done based on comparison with results from the MU-MIMO case implemented in the end-

to-end testing environment. The case implemented in L1 PET showed almost twice the 
throughput at 98.4% achieved for MU-MIMO with 2 UEs as compared to SU-MIMO with a 

single UE at 50%, which is consistent with theoretical research findings [17], [77], as shown in 

Figure 47. Different levels of CQI reported by the UE have also demonstrated variation in the 
throughput gain, as different CQI values contribute to the scheduling of different MCS values, 

which affect the code rate and throughput. High CQI values correspond to high throughput. 

 

 
Figure 47: Throughput gain comparison SU-MIMO and MU-MIMO 
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5 CONCLUSION 

5G wireless communication technologies aim to support eMBB, URLLC, and mMTC use cases 

with specific and challenging performance requirements. For each of them, the 3GPP-based 

releases for 5G NR specify the new L1 design strategies, including a new link adaptation 
algorithm for URLLC based on CQI and MCS in 5G NR, which is crucial in improving link 

quality at the L1 level. The introduction of reference signals CSI-RS in DL and SRS in UL in 

3GPP NR for beam management made it possible to use beamforming and MU-MIMO to 
improve the data capacity and performance of the wireless system. 

 

MU-MIMO has been implemented and verified in an end-to-end testing environment that does 
not focus on each component testing but considers the test setup as one whole block. In L1 PET, 

most features are developed before testing due to missing hardware components such as RU to 

perform similar testing in an end-to-end manner. The main challenge has been to identify the 
features required for MU-MIMO beamforming and implement them in the right components of 

the L1 PET. The coding algorithm required for beamforming and MU-MIMO is developed 

based on Nokia specification documents. For MU-MIMO beamforming, the logic is 
implemented in the physical channels for DL and UL and reference signals, CSI-RS, and SRS. 

MU-MIMO beamforming is set up in the MG, the FDC, the scheduler, and the test script. The 

MU-MIMO beamforming test script uses the algorithms from these blocks to perform MU-
MIMO testing in L1. The MG block in the L1 PET handles the L1 channels and reference 

signals. The algorithm required for sending beam ids towards RU is mainly implemented in the 

MG. The FDC and scheduler facilitate the transmission of the data generated by the MG through 
the test script. Defining the algorithm for the MU-MIMO test script has also been challenging, 

as there are many different types of beamforming and MU-MIMO implementations. The 

criteria have been defined so that we can verify the generated data. 
 

The verification part of this thesis validates the results obtained from the implemented test setup 

for the MU-MIMO beamforming in L1 PET. For beamforming verification in L1 PET, the 
fronthaul link is taken as the basis. The reason for this is that the 3GPP, O-RAN and eCPRI 

specification documents specify a connection between the physical layer PDSCH interface and 

the fronthaul eCPRI-based O-RAN interface for beamforming. The eCPRI fronthaul headers 
mentioned in the O-RAN specification state the use of beamforming control information in the 

BBU and the verification using EVM based on 3GPP signal performance standards for the 

eCPRI IQ data. The IQ data with beamforming control information sent from the BBU towards 
the RU became a basis for considering that correct data is transmitted towards the RU by the 

BBU. In addition, the availability of the eCPRI analysis tools made it possible to perform 

verification based on data transmitted by the BBU. The use of correct beamIds in the fronthaul 
is verified from the pcap logs using Wireshark and eCPRI Python utility scripts. Verifica t ion 

based on eCPRI Python utility scripts allowed for automated verification using a JSON file 

instead of manually loading a pcap file into Wireshark which is more time consuming hence 
reducing time for the tester. Further analysis was performed on the captured beamforming 

information using Analysis Tool A by visualising the SSB of the capture and confirming if the 

set beam ids were seen on the SSB or not. This provided base-level verification, but it does not 
guarantee that the RU will decode the IQ data the same as the BBU sent it. For this purpose, 

the eCPRI IQ data received at the RU end was analysed using the eCPRI PCAP Analyser to 

verify the correctness of the received IQ data. The channel estimation based on DM-RS from 
the cross-correlation plot in the analysis results and EVM of the capture confirms the 
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correctness of the test capture data and ensures RU is receiving data that is not corrupt. In 

addition, the time offset, frequency offset, IQ power level, and SNR of the PDSCH capture also 

indicate the accuracy of the IQ data, providing more information on the analysis. The impact 
of UE per TTI, layers per UE, CQI, PRB count per UE, and throughput was verified based on 

comparison with logs from the end-to-end testing environment. 

 
The KPIs considered for verification were: 

 

 UE per TTI  

 Layers per UE 

 CQI 

 PRB count 

 Throughput 
 

The above-listed KPIs indicate the capacity and performance of the implemented test case in 

L1 PET. The implemented logics required for beamId, PRB in DL, number of layers per UE, 
CSI-RS, and SRS play an important role in the verification of the feature. The MU-MIMO case 

implemented in end-to-end testing is taken as a reference to verify that the results generated by 

L1 PET for the above KPIs are as per specification standards. After the implementation phase, 
a successful test case was run in L1, and it was determined from the test result logs that two 

UEs per TTI were scheduled along with four layers per UE. The PRB count per UE in DL is 

271 in a single UE case, whereas, for two UEs, the PRB count increases to 542. Hence both the 
UEs utilise the same 271 PRBs the remaining two PRBs are used for SSB. This validates the 

theoretical research finding that SU-MIMO assigns specific resource block allocations to an 

individual UE, with the resource allocations being segregated in both time and frequency 
domains. In contrast, MU-MIMO enables a set of UEs to share resource blocks. Achieving this 

is feasible by spatially separating the DL data streams within a single time slot. Thus, within a 

particular radio frame, the scheduling of each UEs PDSCH occurs concurrently in time and 
frequency within a single DL slot. The reported CQI for the MU-MIMO case is 15, which from 

the CQI tables in 3GPP 5G NR Release 16 indicates the best possible channel conditions, high 

spectral efficiency and high throughput is observed due to this reason. The achieved throughput 
results for SU-MIMO and MU-MIMO in L1 PET are as per theoretical research findings hence 

verifying the performance and capacity of the test set-up. 

 
In conclusion, the main difference between end-to-end testing and L1 PET is the setup, and L1 

PET considers only static UEs, which correlates to the ideal conditions of the end-to-end testing 

results. The prospect of using Wireshark, eCPRI Python utility scripts, Analysis Tool A and 
eCPRI PCAP Analyser in L1 PET aided in validating the L1 PET generated results, performing 

more accurate testing for features. The analysis and comparison of the L1 PET results with end-

to-end testing results and theoretical research findings verified that testing features like 
beamforming and MU-MIMO in L1 PET is possible. The successful verification of the L1 PET 

way of testing aids in early problem identification at the productisation phase, saving time and 

money for testing in research and development teams. Furthermore, during this thesis, many of 
the L1 PET environment’s existing parameters were fine-tuned and corrected to achieve 

improved results for MU-MIMO beamforming verification. This exercise contributed to the 

overall improvement of the L1 PET environment since other test features in L1 PET also use 
many of these parameters. 
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