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ABSTRACT Cell-free (CF) MIMO has emerged as a promising next-generation technology, primarily
due to its ability to provide uniformly high-quality service to all user equipment (UEs), regardless of
their location. While existing research has extensively explored various aspects of CF systems—including
scalability, clustering strategies, power control, and precoding designs—there remains a notable gap in
the literature concerning the physical-layer performance of 5G New Radio (NR) within CF architectures.
This paper addresses this gap by focusing on the Physical Uplink Shared Channel (PUSCH) transmission
over frequency-selective channels. We develop a comprehensive, 3GPP-compliant link-level simulator to
evaluate the performance of CF MIMO under realistic propagation conditions. First, we generate results
for selected modulation and coding schemes (MCSs) to confirm the simulator’s alignment with expected
performance. Then, the effects of key physical-layer parameters—such as subcarrier spacing (SCS), the
number of distributed radio units (RUs), and the number of RU antennas—are evaluated using Block Error
Rate (BLER) as the primary performance metric. We also compare the results of the CF-MIMO system
with a co-located antenna scenario, serving as the baseline for a traditional MIMO system, and confirm that
the CF-MIMO system achieves superior performance due to its spatial diversity advantages. The results
also show that employing higher SCS values effectively exploits frequency diversity, particularly when the
signal bandwidth exceeds the channel’s coherence bandwidth. As expected, increasing the number of RUs
significantly improves BLER due to enhanced spatial diversity and reduced UE-RU path loss. We further
examine the impact of practical channel estimation by evaluating four different DMRS configurations,
confirming that Type 1 with length 2 provides superior performance under the tested conditions. Finally,
we investigate the effect of carrier frequency, showing that higher frequencies lead to increased path loss
and degraded performance. The findings offer valuable insights into spatial, frequency, and estimation-
related interactions in CF 5G NR, while guiding MCS selection for target BLER-SNR levels and enabling
PHY abstraction for higher-layer simulations.

INDEX TERMS Block error rate, Cell-free system, Link level simulation, Physical uplink shared channel,
5G New Radio.

I. Introduction
ith next-generation demands for higher data rates,
broader coverage, and enhanced user experience,
cell-free multiple-input multiple-output (CF-MIMO) tech-
nology is emerging as a key solution [I]. Unlike tra-
ditional cellular networks, CF-MIMO effectively removes

cell boundaries, creating a cooperative network of access
points (APs) or radio units (RUs) that collectively serve
all user equipment (UE). This design improves coverage
and throughput, particularly at network edges, by leveraging
macro-diversity. In CF-MIMO, distributed APs connect to a
central processing unit (CPU) through a fronthaul network
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for synchronized transmission and reception, enhancing sig-
nal quality (SNR and SINR) network-wide [2], [3]]. Along-
side CF-MIMO, 5G New Radio (NR) technology, developed
by the Third Generation Partnership Project (3GPP), has
progressed rapidly [4].

CF-MIMO architectures have garnered significant research
interest over the past decade, establishing foundational el-
ements such as uplink and downlink operation, pilot as-
signment, pilot decontamination, channel estimation, and
power control algorithms [S]—[8]. However, most studies
have assumed single-carrier transmission, which is appropri-
ate for block-wise frequency-flat, time-invariant fading chan-
nels, where the channel fading remains constant across the
entire time-frequency resource grid. While this assumption
simplifies analysis and can provide accurate approximations
when RBs fit within the channel’s coherence bandwidth and
time, real-world wireless channels are inherently frequency-
selective and time-varying.

Research on CF-MIMO systems that accounts for band-
width and frequency-selective channels is still sparse. Only
few studies address performance in frequency-selective chan-
nels, with channel aging and phase noise examined in
limited works. Zheng et al. [9] provided closed-form uplink
and downlink rate expressions that consider channel aging,
spatial correlation, and pilot contamination, showing that
CF-MIMO is more resilient to channel aging than small
cell systems. In [[10], Jiang et al. investigate how channel
aging and phase noise affect the performance of zero-
forcing precoding in CF-MIMO systems. They argue that the
exchange of channel state information (CSI) and precoded
data over a fronthaul network incurs considerable delay,
which necessitates the use of delay-aware techniques like
channel prediction to mitigate its impact.

In [11]], the authors investigate the effects of frequency-
selective fading channels on the design and performance of
CF-MIMO orthogonal frquency-division multiplexing (CF-
MIMO-OFDM) networks, providing a comprehensive char-
acterization of time and frequency selectivity as well as inter-
carrier interference. Furthermore, an innovative opportunistic
AP selection scheme aimed at enhancing time-frequency
resource utilization in a CF-MIMO-OFDM system was intro-
duced in [[12]. The approach assigns subcarriers orthogonally
to users, ensuring only one user per subcarrier, and serves
each user only through nearby APs while deactivating distant
APs to reduce power wastage on high-loss channels. This
selective activation reduces the number of active APs per
subcarrier, enabling feasible downlink pilot use and coherent
detection.

In [13]] the performance of CF-MIMO-OFDM systems
in high-speed train communications is analyzed, consid-
ering fully centralized and local minimum mean square
error (MMSE) combining. The study derives closed-form
expressions for uplink spectral efficiency, accounting for
local maximum ratio combining, large-scale fading decoding
cooperation, and the impact of Doppler frequency offset on

system performance. Building on these insights, our study
examines practical channel estimation effects and compares
them with ideal channel estimation to assess realistic per-
formance bounds in CF architectures. In [14] OFDM-based
multi-carrier transmission approach for CF-MIMO systems
over frequency-selective fading channels is presented and
analyzed. The study proposes frequency-domain conjugate
beamforming, pilot assignment, and user-specific resource
allocation strategies to enhance system performance. Addi-
tionally, the method of superimposed pilots for channel esti-
mation in CF-MIMO-OFDM systems has been investigated
and documented in [15].

While most research on CF-MIMO systems has focused
on evaluating spectral efficiency and energy efficiency, other
vital performance metrics, such as outage probability (OP)
and error performance analysis, have been relatively under-
explored. These metrics are crucial for assessing system
reliability in real-world scenarios. Determining a closed-
form expression for OP is particularly challenging due to
the complex nature of CF-MIMO systems [16]. In [17], a
closed-form expression for the OP in full-duplex CF-MIMO
systems is derived and verified using analytical approaches
and simulations, including an analysis of asymptotic perfor-
mance. The study considers the effects of imperfect CSI and
user mobility, allowing multiple user equipments (UEs) to
operate on shared spectrum resources.

To the best of the authors’ knowledge, no prior research
has examined the implementation CF-MIMO systems based
on 5G NR with Physical Uplink Shared Channel (PUSCH)
fully aligned to 3GPP standards. While CF-MIMO systems
have been widely studied in theoretical contexts, existing
works often rely on simplified or custom waveform and pro-
tocol assumptions, diverging from practical 3GPP-compliant
architectures. This gap underscores the significance of this
study, which aims to bridge theory and practice by leveraging
the standardized 5G NR framework. Such alignment not
only ensures interoperability with existing networks but also
provides a realistic foundation for evaluating CF-MIMO
systems in real-world deployment scenarios.

This study contributes to addressing this gap by providing
simulation results grounded in the 5G NR air interface.
A focal point of this work is the analysis of Block Error
Rate (BLER), a key metric for assessing link quality in
modern communication systems. BLER is especially signif-
icant in 5G networks, where adaptive modulation, coding,
and resource allocation strategies depend on maintaining
target BLER thresholds as defined in 3GPP TS 23.501.
These thresholds are tailored to meet the stringent qual-
ity of service (QoS) requirements of diverse applications,
ranging from ultra-reliable low-latency communication to
enhanced mobile broadband. While this work focuses on
BLER as the main metric, as it is the key link-level in-
dicator of PHY-layer reliability, future work will extend
the simulator framework to support additional higher-layer
metrics such as throughput, latency, fairness, and QoS, which
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TABLE 1. Comparison of This Work with Existing Studies in Cell-Free MIMO

Feature This Work 2] (3] [[11] [[13]] [14] [15] (18]
Simulation Level Link-level System-level | System-level | System-level | System-level System- System- X Testbed
level level

Deployment Type Fixed Random Random Random Random Random Random Fixed

Standard Compliance v X X X X X X v

(5G NR)

Performance Metric BLER Throughput Spectral effi- | User rate spectral Sum rate Sum rate; | Throughput
ciency efficiency BER

CDF-Based Evaluation | X v v v v v v X

Massive MIMO X (8 RU) v v v v v v X

OFDM waveforms v X X v v v 4 v

Channel Model (Fading | Freqgency Block fading | Block fading | Block fading | Block fading Fregency Fregency Practical,

model) selective selective selective Real

Channel Estimation v X X X X X X v

with DMRS

MCS analysis 4 X X v

Uplink (PUSCH) Focus | v/ X X X X X X v

require system-level and cross-layer modeling. Unlike prior
works that primarily evaluate system-level metrics—such
as spectral efficiency or energy efficiency—over a wide
range of random network configurations and present re-
sults in terms of cumulative distribution functions (CDFs),
our approach takes a different direction. In this study, we
focus on a fixed, representative deployment scenario. By
fixing the deployment, we ensure a meaningful evaluation
of BLER performance, which inherently requires a stable
configuration to yield interpretable and reproducible results.
This link-level perspective offers complementary insights to
existing system-level analyses and supports the development
of accurate PHY abstraction models for CF MIMO in 5G
NR. In line with this direction, the authors’ research group
has recently initiated practical investigations into CF-MIMO
systems. In [18]], testbed results are presented for an intelli-
gent O-RAN-based cell-free MIMO network, demonstrating
early-stage hardware feasibility. In [[19], detailed link-level
simulations are performed for wiretap channels under various
frequency-selective fading scenarios and noise conditions,
utilizing tapped delay line channel models as defined in
3GPP TR 38.901. These efforts collectively reflect a broader
initiative to evaluate and validate CF-MIMO systems under
both realistic physical conditions and standardized protocol
environments.

Despite its importance, the exploration of BLER per-
formance in CF-MIMO-OFDM systems remains limited in
existing literature, with most studies focusing on traditional
setups that overlook the distributed nature and unique archi-
tectural characteristics of CF-MIMO. By analyzing BLER
curves within the CF-MIMO-OFDM framework, this paper
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provides critical insights into the interaction of distributed
MIMO architectures with 5SG NR air interfaces, aiming to
establish a foundational understanding of how CF-MIMO
can deliver reliable and efficient communication in real-
world scenarios. The findings highlight its potential to meet
the diverse and demanding requirements of next-generation
wireless networks. Notably, the comparative analysis reveals
that different UEs within the same CF-MIMO system exhibit
varying slopes in their BLER versus SNR performance,
despite sharing the same frequency bandwidth, being served
by the same RUs, and affected by the same channel condi-
tions. This variation underscores the complexity and dynamic
behavior of CF-MIMO systems, emphasizing the need for
further investigation. Understanding these differences could
offer valuable insights into optimizing QoS distribution and
ensuring equitable service reliability across all UEs in the
network. The main contributions of this study are summa-
rized as follows:

1. We design a link-level simulator tailored for an uplink
CF-MIMO system, incorporating all the PUSCH pro-
cessing procedures as defined by the 3GPP standards
for 5G NR. BLER is employed as a primary metric
to evaluate and compare system performance across
different setups. This approach provides meaningful
insights into reliability under various configurations.

2. 'We examine the impact of crucial parameters, including
different sub-carrier spacings, varying numbers of RUs,
different numbers of RU antennas, and different modu-
lation schemes: quadrature phase shift keying (QPSK),
16 quadrature amplitude modulation (16-QAM), 64-
QAM, 256-QAM.
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FIGURE 1. Transmitter and receiver chain of the 5G NR PUSCH channel.

3. We investigate the interplay between frequency-
selective channels and the CF architecture, demonstrat-
ing how the combination of spatial and frequency diver-
sity enhances resource exploitation and ensures consis-
tent performance across users and channel conditions.
This focus provides critical insights into the potential
of CF-MIMO systems to address fading and improve
reliability in next-generation wireless networks.

4. We investigate the effects of practical channel esti-
mation by comparing it with ideal (perfect) channel
estimation, demonstrating the performance implications
of realistic channel estimation in a CF-MIMO system.

5. We compare the performance of the CF-MIMO system

with a co-located antenna configuration representing
a traditional MIMO baseline. Specifically, we assume
that a single centralised base station is equipped with
the same total number of antennas as the combined
antennas deployed across all RUs in the distributed CF-
MIMO setup. This allows for a fair comparison and
confirms the performance advantages of the CF-MIMO
system, primarily due to its enhanced spatial diversity.

The key differences between our work and previous stud-
ies in the literature are summarized in Table [T} highlighting
aspects such as deployment configuration, simulation level,
performance metrics, and compliance with 5G NR standards.
Unlike prior system-level studies, our work offers a detailed
link-level evaluation that captures realistic physical-layer
effects, providing complementary insights often overlooked
in system-level analyses.

The rest of the paper is organized as follows: In Section
M we first present a brief overview of 5G NR PUSCH,
followed by the proposed structure of a 5G-based link-level
simulator for CF-MIMO systems. Section [[I] describes the
system and channel models, and also the UL training and
payload data transmission phase. The BLER analysis of the
CF-MIMO system is studied in Section [[V] by considering

all the performance metrics. Finally, conclusions are drawn,
and future work is discussed in Section [VIl

Notation: We will adopt the following notations in the rest
of the paper. The superscripts ()*, ()" and ()" represents
the complex conjugate, transpose, and conjugate-transpose,
respectively. An uppercase boldface letter stands for a matrix
or a vector with the elements in the frequency domain, while
a lowercase boldface letter represents a vector in the time
domain.

Il. PRELIMINARIES for 5G-based Link-Level Simulator
This section is organized into three subsections, each ad-
dressing a key aspect of the link level simulator. Subsection
[A] outlines the core principles of 5G NR, emphasizing the
PUSCH processing. Subsection [B] discusses the alignment
of CF-MIMO systems with the O-RAN architecture, and
subsection [C] details the simulator’s workflow, from UE pay-
load transmission through a modeled channel to centralized
DU processing, including channel estimation, equalization,
decoding, and error calculation.

A. 5G New Radio

Selecting an appropriate radio waveform is crucial for mo-
bile access technologies, as it significantly impacts system
performance [20]]. In 5G NR, OFDM with Cyclic Prefix (CP-
OFDM) is adopted for both downlink and uplink transmis-
sions, as recommended by 3GPP. This choice is due to CP-
OFDM’s low implementation complexity, cost-effectiveness
for wide bandwidths, and MIMO systems.

Fig[T] illustrates the physical layer processing of the 5G
NR PUSCH including transmitter and receiver chains [21].
The PUSCH processing at the transmitter side consists of
several steps: first, a Cyclic Redundancy Check (CRC) is
added to the payload for error detection. The payload is then
segmented into code blocks, which are individually encoded
using Low-Density Parity-Check (LDPC) coding, tailored to
the payload size. Following LDPC encoding, rate matching
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TABLE 2. Main Acronym Used in Paper

Acronym definition

3GPP Third-generation partnership project
5G Fifth generation

AP Access point

AWGN Additive white Gaussian noise
BLER Block error rate

BS Base station

CDF Cumulative distribution function
CE Channel estimation

CF-MIMO | Cell-free MIMO

Cp Cyclic prefix

CRC Cyclic redundancy check

CSI Channel state information

CU Central unit

DMRS Demodulation reference signal
DU Distributed unit

HPC High performance computing
1Q In-phase and quadrature

LDPC Low-density parity-check

LLR Log-likelihood ratio

MCS Modulation and coding scheme
MIMO Multiple-input multiple-output
MMSE Minimum mean square error
NLOS Non-line-of-sight

NR New radio

ocCcC Orthogonal cover code

OFDM Orthogonal frequency-division multiplexing
OopP Outage probability

O-RAN Open radio access network
PHY Physical layer

PRB Physical resource block
PUSCH Physical uplink shared channel
QAM quadrature amplitude modulation
Qos Quality of service

QPSK quadrature phase shift keying
RU Radio unit

SCS Subcarrier spacing

SINR Signal-to-interference-plus-noise ratio
SNR Signal-to-noise ratio

TDL Tapped delay line

TX-SNR Transmit SNR

UE User equipment

UL-SCH Uplink shared channel

ZF Zero forcing

is performed to adjust the coding rate to match the channel
capacity. The resulting code blocks are concatenated into
a single codeword, which is subsequently scrambled and
modulated using the QPSK, 16-QAM, 64-QAM, or 256-
QAM modulation, depending on the PUSCH requirements.
The modulated symbols are then layer-mapped according
to the available antenna ports, followed by precoding for
transmission. Finally, the symbols are mapped to the resource
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grid, ensuring efficient allocation of frequency and time re-
sources for OFDM signal generation, ready for transmission
over the channel.

The receiver processing chain in 5G NR starts with
the OFDM demodulator, which converts the received time-
domain signal into the frequency domain and removes the
cyclic prefix. The demodulated signal is then subjected to
layer and RE demapping to separate signals from multiple
layers and align them with their corresponding Resource
Elements (REs). MMSE channel estimation is performed
using Demodulation Reference Signal (DMRS) to derive
CSI, followed by MMSE equalization to mitigate channel
fading and interference.

The equalized data undergoes soft demodulation, convert-
ing the symbols into Log-Likelihood Ratios, which are then
descrambled to restore the original encoded sequence. Rate
dematching reverses the rate matching process, restoring
the encoded sequence length, which is then passed to the
LDPC decoder for error correction. The decoded data is
desegmented, and the CRC is detached and checked for
errors. Finally, the error-checked data is passed to the
bitstream receiver, and the BLER calculation evaluates the
overall system performance. This structured process ensures
reliable recovery of transmitted data in complex wireless
environments.

B. Cell-Free System in O-RAN Networks

CF-MIMO systems require fine-grained processing flexibil-
ity, such as task allocation between APs and CPUs, and this
aligns naturally with the Open Radio Access Networks (O-
RAN) disaggregation concept. O-RAN, standardizes RAN
functionality through its architecture, which separates the
radio access network into the central unit (CU), distributed
unit (DU), and radio unit (RU). Within this framework, the
CPU in CF-MIMO systems corresponds to the DU, and APs
correspond to RUs, enabling better alignment of CF-MIMO
system with industry standards. The O-RAN 7-2x functional
split divides the physical layer processing between DUs and
RUs, balancing simplicity in RUs with fronthaul efficiency.
This architectural alignment facilitates practical CF imple-
mentations, leveraging O-RAN’s standardized framework to
advance CF-MIMO systems in real-world deployments [22].

C. Cell-Free MIMO Link-Level Simulator Architecture
Figures [2| and [3| illustrate the architecture of the proposed
link-level simulator for evaluating CF MIMO systems in
uplink. This simulator is designed to be fully compliant with
the 5G NR physical layer and leverages the MATLAB 5G
Toolbox. However, it introduces several significant exten-
sions to support distributed reception, centralized decoding,
and spatial cooperation RUs.

1) System Overview and Transmission Chain (Figure 2)
Figure [2] presents the end-to-end simulation architecture,

structured into three main stages: the UE side, the wireless
channel, and the receiver side (RU + DU). On the UE side,
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FIGURE 2. Block diagram of link-level simulator for Cell-free system.

®

RU - Side

K single-antenna UEs transmit independent payloads using
a standardized 5G NR uplink chain, which includes: (1)
UL-SCH encoding,(2) PUSCH channel coding, and (3) CP-
OFDM modulation. These blocks are directly reused from
MATLAB’s 5G Toolbox with standard parameter settings,
ensuring full 3GPP alignment. All UEs transmit concurrently
over the same time-frequency resources, naturally introduc-
ing multi-user interference—a fundamental aspect of CF-
MIMO systems. The wireless propagation environment is
modeled using a Tapped Delay Line (TDL) channel with
additive white Gaussian noise (AWGN). The transmit signal-
to-noise ratio (TX-SNR) is adjustable to simulate various
channel conditions, ensuring realism in multi-path fading,
delay spread, and interference.

2) RU-Side Reception and Signal Forwarding

Each of the M distributed RUs receives a composite signal
from all UEs, denoted RxW; through RxW,,. Each RU
performs local baseband processing, including: Timing syn-
chronization, CP removal, and OFDM demodulation. These
modules are reused from the 5G Toolbox but are adapted
to ensure consistency in signal alignment and normalization
across multiple distributed receivers. Importantly, this pro-
cessing is performed independently and in parallel at each
RU, without knowledge of other RUs’ signals.

After OFDM demodulation, frequency-domain data
streams are forwarded to the DU for centralized baseband
processing. This design follows functional split 7.2, where
high-PHY operations—such as channel estimation, equaliza-
tion, and decoding—are offloaded to the DU, preserving
lightweight operation at the RUs and enabling scalable
centralized coordination.

3) DU Processing and Centralized Decoding (Figure 3)
Figure [3] details the key innovation of the simulator: the
DU-side centralized processing pipeline, where the simulator
departs from the conventional PUSCH chain and enables
cell-free operation.

Channel Estimation:
The DU performs centralized pilot-based channel estimation
to construct a global channel matrix H e CMxK, repre-
senting the channel between each UE and RU. This block
is adapted from standard toolbox routines to aggregate pilot

Channel Estimation

oFoM LI8%  ULSCH Decode

Demodulate

PUSCH Decode

CF-Equalizer
(MMSE)

S PUSCHDecode L& ULSCH Decode

FIGURE 3. DU Processing Stages in Cell-Free Link-Level Simulator

observations across all RUs.

CF-MMSE Equalization:

A cell-free MMSE equalizer processes the M demodulated
RU streams jointly using H. Unlike traditional equalizers,
this block performs global interference suppression and soft
symbol recovery, outputting per-user streams 1Q, ..., IQ.
This centralized equalization is critical to leveraging the
spatial diversity of the distributed system and constitutes a
core novelty of the simulator.

PUSCH Soft Demodulation:

The IQ streams are demodulated using Toolbox-based mod-
ules (e.g., QAM demapping, layer separation, descrambling).
These blocks are reused with minimal adaptation but are
restructured to support parallel stream processing and down-
stream decoding.

UL-SCH (LDPC) Decoding:

Soft bits (LLRs) are passed to LDPC decoders to recover
the transmitted information. While the decoders themselves
are standard, the simulator manages LLR scaling and syn-
chronization carefully to maintain decoding accuracy across
multiple users and streams.

4) Key Differentiators from the Conventional PUSCH Chain
The simulator retains standard 5G components where appro-
priate but introduces substantial innovations to enable CF-
MIMO simulation. Table [3] summarizes the key differences:
Together, Figures 2] and [3] define a full-stack link-level simu-
lator capable of modeling and evaluating CF-MIMO systems
under realistic 5G NR conditions. By combining reused
3GPP-compliant components with custom adaptations for
distributed reception and centralized decoding, the simulator
provides a scalable and modular platform for studying cell-
free architectures beyond what is possible with conventional
link-level tools. This architecture supports flexible configu-
ration of user density, RU deployment, channel conditions,
and processing algorithms—making it well-suited for bench-
marking physical layer trade-offs and guiding the design of
future CF-MIMO networks.

lll. System Model

The section is organized into five subsections that collec-
tively explain the components and processes of the uplink
data transmission and channel estimation in 5G NR-based
systems. Subsection[A]introduces the flexible time-frequency
organization of 5G NR. Subsequently, Subsection [B] details
the channel, modeled as a tapped delay line to account
for multipath propagation effects. Following this, Subsection
[C] explains the OFDM-based transmission process. Further-
more, Subsection [D]focuses on the use of DMRS for channel
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TABLE 3. Comparison between Conventional PUSCH and CF-MIMO Simulator

Component

Conventional PUSCH Chain

CF-MIMO Simulator

Channel Estimation Local, per-RU Joint, across all RUs
Equalization Per-link MMSE or ZF Centralized CF-MMSE equalizer
Receiver Inputs Single RU M distributed RUs

UE-RU Association

Simple one-to-one link

Fully cooperative, all RUs serve all UEs

Interference Handling -

Global interference suppression

Toolbox Usage

Unmodified standard chain

Selective reuse + structural modifications

Tframe = 10ms
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FIGURE 4. lllustration of 5G NR transmission structure in time and frequency domain by considering four different subcarrier spacing [4].

estimation. Finally, Subsection [E| describes the Uplink data
transmission.

A. Frame and Pilot Structure
In 5G NR, uplink (and downlink) data transmission is orga-
nized into 10 ms frames, each divided into 10 subframes of
1 ms. Each subframe consists of a variable number of slots,
depending on the selected subcarrier spacing A f, allowing
flexibility. In the normal case, a slot contains 14 OFDM
symbols, each with a cyclic prefix, whereas in the extended
cyclic prefix (CP) option, a slot contains 12 OFDM symbols
with a longer cyclic prefix. The smallest unit, a RE, is a
subcarrier within the passband, and 12 consecutive REs in
the same symbol form a Physical Resource Block (PRB).
This flexible frame structure, as shown in Fig. ] enables 5G
NR to meet diverse requirements for cell size, latency, and
interference resilience [21]].

The 5G NR standard defines two types of reference signals
associated with the transmission of the PUSCH channel. The
DMRS is a user-specific reference signal with high frequency
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density, dedicated for frequency-selective channel estimation
(23] Sec. 6.4.1.1]. It occupies specific OFDM symbols within
each slot, with the number of OFDM symbols containing
DMRS varying between 1 and 4 depending on the config-
uration. For rapidly changing channels, a higher density of
DMRS symbols in time helps obtain more accurate chan-
nel estimates within the coherence time. In the frequency
domain, DMRS symbols are mapped across the entire set
of PRBs allocated to the PUSCH, and the spacing between
DMRS REs assigned to the same RU can be set to 2 or
3 RE. In this work, we consider only DMRS for channel
estimation.

B. Channel Model

Unlike previous research that assumes a flat-fading chan-
nel, this study adopts a more comprehensive approach by
considering a channel model that is both time-selective
and frequency-selective, making it suitable for analyzing
broadband scenarios and capturing the dynamic behavior of
real-world wireless channels. In practice, the channel fading
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TABLE 4. Definition of Main Mathematical symbols

’ Symbols ‘ Meanings
M, K Number of RUs and UEs
Bk Large-scale fading coefficient between the k-th UE
and the m-th RU
h Tapped delay line vector in the time domain
Lok Number of taps for the link between the k-th UE
and the m-th RU
Sk Channel coefficient vector between the k-th UE and
the m-th RU in the time domain
Xk OFDM symbol vector transmitted by the k-th UE
Xk.n OFDM symbol on the n-th subscarrier transmitted
by the k-th UE
Xk Data sequence vector transmitted by the k-th UE in
the time domain
Ym,n Received symbol on the n-th subscarrier at the m-th
RU
Gk Channel frequency response vector between the k-th
UE and the m-th RU
Gk Channel frequency response on the n-th subscarrier
between the k-th UE and the m-th RU
Zm,n Noise on the n-th subscarrier at the m-th RU in the
frequency domain
Y?, Received DMRS signal at the m-th RU
Py DMRS symbols used by the k-th UE in a vector
v/ Vector of noise at the m-th RU in the pilot (DMRS)
positions
Gk Channel frequency response estimates for the k-th
UE and m-th RU
Sk Modulated symbol transmitted by the k-th UE on the
n-th subcarrier
O’%, qu Variance of the noise and modulated symbol in
frequency domain
Pk Transmitted power for the modulated symbol
Win Weight vector for detecting the symbol transmitted
by the k-th UE on the n-th subcarrier
Nsa, Nyge | Number of the resource blocks and FFT points

is frequency selective, and can be modelled as a tapped delay
line h = [ho,...,hr,,—1]T, where L, is the number of
multipath channel taps for the link between the k-th UE and
the m-th RU. The normalized delay and corresponding power
for the tapped delay line model is provided by 3GPP [24,
Sec. 7.7.2]. The channel coefficient between the k-th UE and
the m-th RU is then given by

1gmk,Lmk71}T =V 5mkh (l)

where [, is the large-scale fading coefficient, as detailed
in Section

8mk = [gmk,Oa ce

C. Signal Model

We define the N-point transmission block for a single OFDM
symbol sent by the k-th UE as Xy, = [Xk0,..., Xp n-1]
Through the OFDM modulation, the time domain sequence

is given by X, = [Tro,...,2xn—1]" in which the i-
th element is zp; = %22:01 Xk’ne27rj%, where ¢ =
0,1,...,N — 1 and j denotes the imaginary unit. The
sequence can also be written in matrix form as

x = TP X @
where F is the N x N discrete Fourier transform (DFT)
matrix. Also, the CP is added to avoid inter-symbol inter-
ference (ISI), leading to the sequences xzp. Through the
multipath fading channel, the received signal at the m-th RU
is given by y? = Zle x;" * g, + Zm, where * denotes
the linear convolution and z;5 is the complex additive white
Gaussian noise (AWGN) with the variance af. Before doing
the OFDM demodulation, the received signal should cut the
residual tails and remove the CP in order to keep the same
length as the OFDM modulated signals. This process can be
expressed by [[14]]

K
Yo = O Ehp @ X + 2y 3)
k=1

where ® denotes the cyclic convolution, z,, is the part of the
noise with size N, and g", is an N-point channel impulse
response formed by padding zeros for g,,,.. The OFDM
demodulated signal is given by

K
Yo =Fny,, =Y Fn(gh, ©x¢) +Fyzy,
= “

K
=> Gk ©Xi + Zn,
k=1

where © represents the Hadamard product, G,z € CN*1
denotes the frequency response of g, . and Z,, is the
OFDM demodulation of z,, which has the variance 0% . Note
that the variance of each element in the frequency domain
differs from that in the time domain. The equation (@)
demonstrates that the data transmission through a frequency-
selective channel can be transformed into traversing a set of
independent flat-fading subcarriers by adopting an OFDM
system. It is worth mentioning that, here, we assume that
the length of the channel’s tapped delay line is shorter than
the length of the cyclic prefix. The uplink transmission on
the n-th subcarrier received at the m-th RU is then expressed
as

K

Ym,n = Z Gmk,nXk,n + Zm,n (5)
k=1

where Gpkn, Xk,n and Z,, , denote the n-th subcarrier,
transmitted signal and noise in a single OFDM symbol in the
frequency domain, respectively. To recover the data symbol,
the uplink channel should be estimated for each sub-carrier.

VOLUME ,
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D. Pilot Transmission and Channel Estimation
As mentioned earlier, the DMRS associated with the UL
PUSCH transmission enables coherent demodulation of user
data in the uplink. In 5G NR, four different categories of
DMRS configurations are defined based on type (Type 1 and
Type 2) and length (Iength 1 and length 2). In all our results,
we consider Type 2 and length 2, where DMRS symbols
are inserted at the 3rd and 4th OFDM symbols, as shown
in Fig. @] Additionally, in Section we compare the
performance of all four DMRS configurations to highlight
the impact of different DMRS types and lengths on system
performance.

The sequence that generates the DMRS symbols is 7(n),
is defined as follows [25]]

r(n) = % (1-2. c(2n))+j~\% (1-2-¢2n+1)) 6)
This is evidently a QPSK modulation scheme, where each
symbol is mapped to one of the four constellation points
(y:i:\}5 + j%) based on a pseudo-random binary sequence
¢(n). The pseudo-random sequence c¢(n) is defined in [26,
clause 5.2.1].

In a multi-user scenario, DMRS leverages a combination
of frequency and code orthogonality to support efficient
channel estimation. Code orthogonality is achieved through
the use of Orthogonal Cover Codes (OCCs), which employ
Walsh sequences to distribute the pilot signal across neigh-
boring time and frequency REs. This approach is referred to
as CDM-Multiplexed DM-RS in the 5G NR standards [27].

We assume that DMRS for the k-th UE is represented by a
vector P, € CNe*1 where each DMRS vector is orthogonal
to the others. The received DMRS at the m** RU are then
given by

K
Y, = diag(Py)1,G ok + Z8, (7
k=1
where diag(Py) denotes a diagonal matrix with the vector
P;. placed on its diagonal (size N, X Np). I, is an N, x N
pilot indicator matrix in which the i-th row contains one at
the position corresponding to the RE where the i-th pilot
occurs, zero elsewhere. ZP represents the vector of noise in
the pilot positions.

The least squares channel estimates in DMRS positions

are calculated by

P
Y m

K
Gmk = [diag(Pk)]il ( Z diag(Pk/)Imek/ + Z]:n)

k'=1
K
=L,Gmi + Y O LGrpr + G,
k' #k

®)
where @y = [diag(Py)] 'diag(Py) is a diagonal matrix
and the weighted noise denotes ¢,,, = [diag(Py)]~1ZP,.
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This limited-length channel estimate can be expanded to
all sub-carriers and 14 OFDM symbols within a single re-
source grid through interpolation. When the DMRS occupies
two OFDM symbols (with a DMRS length of two), the same
equations (7)) and () are used to obtain the channel estimates
for both OFDM symbols. To estimate the channels for the
full resource grid, interpolation is first applied across all sub-
carriers. Then, using the channel estimates obtained from the
two OFDM symbols, interpolation is extended over the time
domain to cover all 14 OFDM symbols.

E. Uplink Data Transmission

On the uplink, we suppose the k-th UE transmits the PUSCH
modulated symbol Sy, 0% = E{|S.|*} = 1, with
the power p, on the n-th subcarrier. Substituting Xy, , =
\/DkSk,n into (E]), the received signal in the n-th RE at the
m-th RU is

K
Ym,n = Pk Z Gmk,nsk,n + Zm,n 9
k=1

Subsequently, the received signals from all M RUs are
collected at the DU for equalization. By adopting combining
techniques and channel estimation, the estimated PUSCH
modulated symbols 5‘;@7” transmitted from the k-th UE
through the n-th subcarrier is calculated by

Sk,’n = Wk:,nYn = \/DPk k‘,nGk,nSk,n

K
+ Z \/@Wk,nGi,nSi,n + Wk,nZn
i#k
where Wy, € C*M s the weight vector decided by
different combining techniques, Y,, = [Yin,...,Yan)t
represents the received signals of M RUs on the n-th sub-
carrier, Gi,, = [Gikn,---,Grrn]T, and the noise vector

Z, = [Z1n,.., Zrn)". The MMSE combining vector for
the CF-Equalizer in Fig. [3]is given by

-1
K 2
o
Win = VPG, (Zpici,ncﬂn + Ggm) (10)
i=1
where I, is the identity matrix with the size M.
Finally, the data is successfully recovered through a de-
tailed process that involves PUSCH Decode and ULSCH
Decode, both of which are implemented using the MATLAB

5G Toolbox.

IV. Numerical Results and Discussions

This section analyzes the influence of key parameters on the
performance of the CF-MIMO system. The parameters under
consideration include the number of RUs (2 RUs, 4 RUs, or
8 RUs), SCS values (15 kHz, 30 kHz, 60 kHz, 120 kHz), the
type of channel estimation (CE) method employed, perfect
or practical, and the MCS, while assuming a noise figure of
9 dB, a TDL-B delay profile with a 30 ns delay spread,
and no Doppler shift (0 Hz). Unless explicitly specified
otherwise, the results presented in this section are based



Author et al.: Preparation of Papers for IEEE OPEN JOURNALS

on configurations with 8 RUs and an SCS of 15 kHz. It is
important to note that scaling to larger network sizes is not
feasible in this link-level simulator due to the computational
demands of full PHY-layer modeling.

Link-level performance is evaluated using BLER versus
TX-SNR curves. These curves are generated by varying the
average TX-SNR and measuring the BLER corresponding
to each average SNR value, where the SNR range is a con-
figurable parameter within our simulation framework. The
BLER is defined as the ratio of incorrectly received blocks
to the total number of transmissions. To ensure statistical
precision in the reported results, simulations were performed
for 2 x 10° transport block (TB) transmissions for each
average TX-SNR value, with the TDL channel randomly
varied for each TB. This approach ensures a sufficiently large
number of independent channel realizations, resulting in reli-
able and representative performance metrics. While this work
focuses on detailed link-level modeling, addressing scalabil-
ity, fronthaul capacity, RU coordination, and synchronization
challenges requires complementary system-level simulation
efforts to fully assess CF-MIMO performance under realistic
deployment conditions.

A. TX-SNR Definition

In uplink CF-MIMO systems, signals from a UE are received
at multiple RUs over links with varying lengths and different
path losses, complicating the definition of a standard SNR.
Therefore, the TX-SNR is used to plot BLER curves, defined
as the ratio of the transmit power per UE antenna per RE to
the noise power at the receivers. It is assumed that the trans-
mit power is uniform across all transmitters, and the noise
power is defined to achieve a specified TX-SNR. Specifically,
in our simulations, the transmit power Py is defined to
achieve a specified TX-SNR, which depends on the FFT
occupancy and noise power, following the relationship:

12 x N
TX-SNR = P,—101log,, <;HSG>101og10(NO), (11)
t

where Ngg is the number of resource blocks, Ng; is the
FFT size, and Ny is the noise power per receive antenna.
The noise power is calculated as Ny = kBT, where
k is the Boltzmann constant, B is the bandwidth, and
T. = Tant + 290(NF — 1) is the equivalent noise temper-
ature. Furthermore, the amplitude of the transmitted signal
accounts for FFT size and resource grid scaling, and the
transmitter distributes power equally across all antennas,
effectively simulating a unit-norm beamformer. As an illus-
trative example, for a noise figure of 6 dB, antenna temper-
ature of 290K, Ngg = 25, and Ng = 512, a TX-SNR of
130dB corresponds to approximately 7.58 dBm (5.73 mW)
transmit power, while a TX-SNR of 85dB corresponds to
approximately —37.4 dBm (0.18 uW).

B. Large-Scale Fading Model
The 3GPP path loss model and uncorrelated shadow fading
in [24] are applied to calculate the large-scale fading coeffi-

TABLE 5. MCS and TBS configuration in this paper (Code Rate values are
scaled by 1024; PRBs indicate the number of Physical Resource Blocks;
TBS refers to the Transport Block Size in bits)

MCS | Modulation Scheme | Code Rate | PRBs TBS
0 QPSK 30 25 208
1 QPSK 64 25 456
2 QPSK 120 25 8438
3 QPSK 193 25 1352
4 QPSK 308 25 2152
5 QPSK 526 25 3752
6 QPSK 679 25 4736
7 16QAM 340 25 4736
8 16QAM 434 25 6016
9 16QAM 553 25 7808
10 16QAM 658 25 9224
11 64QAM 438 25 9224
12 64QAM 517 25 11016
13 64QAM 616 25 13064
14 64QAM 772 25 16392
15 256QAM 682.5 25 18960
16 256QAM 754 25 21000
17 256QAM 841 25 23568
18 256QAM 948 25 26632
cient B,k in
PL,, 1 +SFnk
ﬁ mk — 107 ( 1 2)

where PL,,; denotes the path loss, and SF,,,;; ~ N (0,0%)
is the shadow fading. We consider a urban microcell (UMi)
scenario with the non-line-of-sight (NLOS) propagation, in
which the height of the RU antenna hry = 10 m, the height
of UE antenna hyp = 1.65 m and the carrier frequency
fe = 1.9 GHz. The path loss in dB is given by [24]

PL,.x = max(PLyk,£os, PLmk, NLOS) (13)
where
PL..k,NLOS = 35.310g10(dm}€’3p) +22.4 (14)
+21.3logo(f.) — 0.3(hugs — 1.5)
and
PL, 10m < dypop < dr
PLygros =4 °F 0 = Gmk2D =08e (g5
PLy dgp < dpmpr2p < 5km

where PL; = 32.4 + 2llog,o(dmk,3p) + 20log,o(fe)
and PL, = 32.4 + 40logo(dmk,sp) + 20log,o(fe) —
9.510g,,((dgp)? + (hry — hug)?). dmkap is the distance
between the bottom of the k' UE and the m'" RU while
dmi,3p denotes the distance between the top of both an-
tennas. dpp = 4(hry — hg)(hug — hg)f./c represents
the breakpoint distance, where hp = 1 m is the effective
environment height. Note that f. is in Hz only for this
equation, and c is the propagation velocity in free space. The
standard deviation of shadow fading ogr = 7.82 dB [3].
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FIGURE 5. A system setup with fixed locations for a BS, UEs, and RUs
within a 100m x 100m simulation area. In all results, only UE1 and UE2
are considered, except in SubsectionE]where additional UEs (UE3 to
UEB8) are included. UEs are serviced either by the distributed RUs (2 RUs,
or 4 RUs or 8RUs) or the collocated antennas (2 or 4 or 8 antennas) at BS.

C. Parameters and Setup

For generating the BLER plots, the UE positions were
initially randomized but then fixed across all simulations, as
depicted in Fig. 5. The simulation setup considers a square
area of 100m x 100m, where two single-antenna UEs are
served by multiple RUs, each equipped with one antenna
(unless otherwise specified). Specifically, for configurations
with 2 RUs, only RUI and RU2 are utilized, while the first
four RUs are selected for the 4 RU case. When comparing
with co-located MIMO, we assume that the base station
(BS), as shown in this figure, is equipped with 2, 4, or
8 antennas.While larger antenna and UE configurations are
certainly of great interest—particularly in the context of mas-
sive MIMO—the main objective of this work is to establish
a fully 3GPP-compliant link-level simulation framework for
CF systems and to evaluate BLER performance under realis-
tic conditions. This process is computationally intensive, and
even the current setup required the use of high-performance
computing (HPC) resources to complete the simulations.
Expanding to larger-scale scenarios by developing accurate
PHY-abstraction models—without the need to implement the
full physical layer processing chain—is part of our ongoing
and future research.

Furthermore, the MCSs employed in the simulations,
which are selected from [24]], are listed in Table [5} It’s worth
mentioning that each MCS level corresponds to a different
combination of modulation order and LDPC coding rate.
In our previous work [28]], we’ve evaluated required SINR
for given BLER on the AWGN channel by extensive link
simulations using the range of 5G NR MCSs. This consistent
setup ensures comparability across all scenarios and results.
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D. Analysis and Demonstration of Results for Different
mcs

Fig. [6] presents the BLER versus TX-SNR curves for a CF-
MIMO system with 8 RUs and 2 UEs, illustrating the perfor-
mance across a range of MCS. The two subplots represent
the performance for UE 1 and UE 2, respectively, covering
MCS indices from 0O to 18, mapped to specific modulation
schemes: QPSK (indices 0-6), 16-QAM (indices 7-10), 64-
QAM (indices 11-14), and 256-QAM (indices 15-18). Each
set of curves demonstrates the BLER’s dependence on TX-
SNR, highlighting the trade-off between SNR requirements
and modulation efficiency.

In the top subplot, representing UE 1, the QPSK-based
MCS (0-6) achieves robust performance at low TX-SNR
values (72-87 dB) with acceptable BLER, albeit at lower
spectral efficiency. As the MCS increases, transitioning to
16-QAM (indices 7-10) and 64-QAM (indices 11-14), the
required TX-SNR for achieving BLER < 10~2 progressively
shifts toward higher values, reflecting the higher SNR de-
mand for these more spectrally efficient modulations. Finally,
for 256-QAM (indices 15-18), the TX-SNR requirement
further increases (105-115 dB), emphasizing the trade-off
for achieving maximum spectral efficiency under favorable
channel conditions. Similarly, in the bottom subplot for UE 2,
the trends follow a comparable pattern, with slight variations
due to channel differences between the two UEs. The smooth
decline of BLER curves across all modulation schemes
demonstrates the CF-MIMO system’s reliability and adapt-
ability to varying channel conditions and user requirements.
While system-level simulations with many users per base
station can provide statistical performance measures, such as
CDFs, offering a broader view of overall network behavior,
our link-level simulations focus on detailed, user-specific
performance under controlled radio conditions. As shown in
Figure E], UE 1 is located closer to the RUs, particularly
RU 8, which provides slightly better performance results
compared to UE 2. This is evident at comparable TX-SNR
points; for instance, at TX-SNR = 69 dB and MCS 0, UE
1 achieves a BLER of 0.14, whereas UE 2 reaches a BLER
of 0.42. Similarly, at TX-SNR = 108 dB and MCS 18, UE
1 achieves a BLER of 0.07, while UE 2 requires the same
TX-SNR to reach a BLER of 0.14. This proximity leads
to improved channel quality, enabling lower BLER values
at equivalent TX-SNR levels, as reflected in the curves for
UE 1. The figure effectively showcases the scalability of
the CF-MIMO system’s performance across a wide range
of SNR values and modulation schemes, reinforcing its
suitability for diverse uplink scenarios with heterogeneous
user requirements. As a direction for future work, one may
consider the case where the MCS level is adaptively selected
based on the position and channel conditions specific to each
UE.
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FIGURE 6. BLER-SNR curves for MCS 0-18 (left to right) for CF-MIMO system with 8 RUs and 2 UEs. The top plot shows results for UE 1, while the

bottom plot shows results for UE 2.
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FIGURE 7. BLER versus TX-SNR curves for CF-MIMO system with 8 RUs and 2 UEs, with different MCS (MCS 2 and 13), comparing performance across
varying numbers of RU antennas. The left plot shows results for UE 1, while the right plot shows results for UE 2.

E. Evaluating the Effect of Varying the Number of RU’s
antenna on BLER

Fig. [7 illustrates the BLER-SNR performance of the CF-
MIMO system for UE 1 and UE 2, focusing on the impact
of varying the number of antennas per RU. The evalua-
tion is conducted for two selected MCS indices—MCS 2
(QPSK) and MCS 13 (64-QAM)—to capture performance
across different modulation and coding schemes. The solid
lines represent RUs with a single antenna, while the dot-
dash and dashed lines correspond to RUs equipped with 2
and 4 antennas, respectively. As observed, increasing the

number of antennas per RU significantly improves BLER
performance for both UEs. For MCS 2, the performance
gains are more pronounced at lower SNR values, reflecting
better link robustness in challenging conditions. For MCS 13,
which requires higher SNR to achieve reliable decoding, the
benefits of additional antennas are evident in the noticeable
leftward shift of the BLER curves, particularly for UE 1. This
indicates that enhanced spatial diversity and signal power
aggregation from multiple antennas per RU contribute to
improved decoding capability. Overall, the results confirm
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FIGURE 8. BLER versus TX-SNR curves for UE1 (a) and UE2 (b) with different MCS (MCS 2, 8, 13, and 15), comparing performance under perfect

channel conditions and practical channel estimation (CE).
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FIGURE 9. BLER versus TX-SNR curves for UE 1 under different DMRS
configurations (Type 1 and Type 2, lengths 1 and 2) for MCS 8 and MCS
15, compared against the perfect channel baseline.

that equipping RUs with multiple antennas can effectively
enhance system performance across a range of MCS levels.

F. Evaluating the Impact of Practical Channel Estimation
on BLER curves

Figures [8] and [9] illustrate the BLER versus TX-SNR per-
formance of the CF-MIMO system, focusing on the impact
of practical CE under different configurations and scenar-
ios. Fig. [§] illustrates results for UEl and UE2 using
selected MCS indices (2, 8, 13, and 15), covering modu-
lation schemes from QPSK to 256-QAM. The solid curves
represent the system performance under perfect channel
knowledge, while the dashed curves show the performance
under practical channel estimation, where estimation im-
perfections arise due to noise and limited pilot resources.
These results were obtained using the standard DMRS Type
2 configuration with length 2. For both UEs, it is evident that
practical channel estimation results in a slight degradation
in performance compared to the ideal case, as indicated by
the horizontal shift of the BLER curves towards higher TX-
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SNR values, with an approximate difference of 2 dB. This
degradation is more pronounced for 256-QAM, where the
difference is approximately 2.5 dB, as higher modulation
orders are inherently more sensitive to channel imperfec-
tions. Despite this, the CF-MIMO system maintains a reliable
performance under practical channel estimation, with BLER
values converging to acceptable levels as the TX-SNR in-
creases. This indicates the system’s robustness and suitability
for deployment in real-world environments where perfect
channel knowledge is not available. The comparison between
UE 1 and UE 2 further highlights the channel-dependent
variations in performance, reinforcing the importance of
effective channel estimation in CF-MIMO systems. In [23]],
the use of DMRS is comprehensively explained, highlighting
the four different types of DMRS configurations based on
their density and length. In this work, we specifically focus
on one particular DMRS configuration for our analysis.
However, we believe that there is significant potential for
further exploration in this area. Future studies could inves-
tigate the performance of different DMRS configurations in
various scenarios, particularly in the context of CF-MIMO
systems. This includes analyzing the impact of DMRS
density and length under varying channel conditions, such
as high Doppler shifts and different delay spread profiles,
which are common in practical environments. Extending this
work to include such considerations would provide deeper
insights into the optimization of DMRS configurations and
their effect on system performance in CF deployments, and
we plan to explore these aspects in our future research.
Building on this, Fig. [ extends the evaluation by compar-
ing the system’s BLER performance under various DMRS
configurations. Specifically, we analyze Type 1 and Type 2
DMRS patterns with both length 1 and length 2, focusing
on MCS 8 and MCS 15. The figure highlights how the
choice of DMRS type and density impacts channel esti-
mation quality, showing performance differences relative to
the perfect channel baseline. Specifically, Type 1 DMRS
occupies every other resource element, providing a denser
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FIGURE 10. BLER versus TX-SNR curves for UE1 (top plot) and UE2 (lower plot) with MCS 8 (16-QAM) and MCS 13 (64-QAM) across three
configurations (2 RUs, 4 RUs, and 8 RUs) and four subcarrier spacings (15 kHz, 30 kHz, 60 kHz, and 120 kHz), showcasing the combined effects of RU

deployment and SCS on system performance and frequency diversity.

pilot pattern, while Type 2 DMRS occupies every third pair
of resource elements, resulting in lower pilot density. As
expected, Type 1 generally offers better BLER performance
due to its higher pilot density, which improves estimation
accuracy — an effect clearly observed in the figure. No-
tably, while increasing the DMRS length further improves
estimation robustness, the choice between Type 1 and Type
2 patterns still significantly affects the balance between
pilot overhead and achievable accuracy, especially at higher-
order MCS. Together, Figures [§] and [9] demonstrate that both
practical channel estimation effects and DMRS configuration
choices play significant roles in determining the overall
BLER performance of CF-MIMO systems, emphasising the
need for careful pilot design in real-world deployments.

G. Evaluating the Effect of Signal Bandwidth by Varying
Subcarrier Spacing from 15 to 120 kHz

Fig. [I0] illustrates the impact of SCS on the performance
of the CF-MIMO system, focusing on the bandwidth of
the transmitted signals. The results are shown for the per-
fect channel estimation scenario, providing a baseline for
evaluating the effect of different SCS values on system
performance. The BLER-SNR performance is evaluated for
two modulation and coding schemes (MCS 8 and 13) and
for three system configurations (2 RUs, 4 RUs, and 8 RUs)
with four different SCS values: 15 kHz, 30 kHz, 60 kHz, and
120 kHz. By increasing the SCS from 15 kHz to 120 kHz, the
bandwidth of the signals increases proportionally, ranging

from 4.5 MHz to 36 MHz. Given the channel’s delay spread
of 30 ns, the approximate coherence bandwidth is 5.5 MHz,
which plays a critical role in understanding the system’s
frequency diversity.

As evident in the figure, increasing the SCS improves
performance due to enhanced frequency diversity. When
the total bandwidth occupied by a codeword exceeds the
coherence bandwidth (e.g., for higher SCS values such as
30 kHz, 60 kHz, or 120 kHz), multiple subcarriers may
experience uncorrelated fading, allowing the system to ex-
ploit frequency diversity. This results in improved reliability
and lower BLER at a given TX-SNR. For both UE 1 and
UE 2, the trends confirm these conclusions, with higher
SCS values consistently leading to steeper BLER curves
and reduced TX-SNR requirements for achieving low BLER
levels. Moreover, the effect of increasing SCS is observed
across all configurations. In Configuration 3 (with 8 RUs),
the performance improvement is particularly pronounced due
to better spatial diversity in combination with frequency
diversity. The consistency of this trend across both UEs
underscores the robustness of the CF-MIMO system in
exploiting frequency diversity through higher SCS values.
This analysis highlights the importance of matching the
SCS to the channel conditions, particularly the coherence
bandwidth, to maximize system performance.

It is also worth noting that although the overall perfor-
mance improves with 8 RUs, the performance gain from
increasing the SCS is less significant compared to the case
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FIGURE 11. BLER versus TX-SNR performance for UE1 and UE2 with varying numbers of RUs (2, 4, and 8) for MCS 2 (QPSK) and MCS 15 (256-QAM),
highlighting the impact of increased RUs on spatial diversity and proximity to RUs. The left plot shows results for UE 1, while the right plot shows

results for UE 2.

with fewer RUs—for example, the TX-SNR improvement for
UE1 is around 5 dB with 8 RUs, versus approximately 10 dB
with 2 RUs. This is expected, as the system already benefits
from spatial diversity with a higher number of RUs, making
additional gains from frequency diversity less pronounced.

H. Evaluating the Effect of Varying the Number of RUs on
BLER

Figure [IT] highlights the impact of increasing the number
of RUs on the BLER-SNR performance for UE 1 and UE
2. Increasing the number of RUs offers two key benefits:
(1) enhanced spatial diversity, which improves reliability by
utilizing multiple propagation paths, and (2) an increased
likelihood of a UE being physically closer to one or more
RUs, a phenomenon often referred to as “site diversity”
[29], resulting in better channel conditions and improved
overall performance. By examining the RU locations in
the accompanying layout (3, it is evident how the spatial
configuration affects the performance of each UE differently.

For UE 2, increasing the number of RUs from 2 to 4 results
in significant improvement due to its proximity to RUs in the
4-RU configuration, particularly RU 4. This closer proximity
reduces path loss and enhances signal quality, which is
clearly reflected in the performance improvement from 2
RUs to 4 RUs. However, for UE 1, the most noticeable
improvement occurs when the number of RUs increases from
4 to 8. In the 8-RU configuration, UE 1 becomes significantly
closer to RU 8, leveraging site diversity, where the specific
spatial arrangement of RUs relative to UEs offers additional
diversity gains. This trend illustrates that the benefits of
adding RUs are configuration-dependent, with different UEs
experiencing varying degrees of diversity improvement based
on their relative location to the RUs.

For both UEs, increasing the number of RUs from 2 to 4
results in steeper BLER curves, indicating enhanced spatial
diversity. In contrast, increasing the number of RUs from
4 to 8 shifts the curves to the left without affecting their
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slope, as the improvement is primarily attributed to enhanced
site diversity. This analysis underscores the importance of
spatial diversity and proximity in CF-MIMO systems, with
each configuration offering unique advantages for different
UEs. Exploring this concept further, particularly the interplay
between site diversity and system configuration, will be a
key focus of our future work to optimize performance under
diverse deployment scenarios.

1. Impact of Co-Located vs Distributed Antenna
Configurations on BLER

Figure examines the BLER-SNR performance for UE
1 and UE 2, focusing on the differences between co-
located'] and distributed antenna configurations under MCS
8 (16QAM) with varying numbers of antennas (2, 4, and 8).
While the co-located configuration centralizes all antennas
at the BS, the distributed configuration, as shown in Fig.
[l employs spatially distributed RUs, each equipped with
one antenna. For 2 antennas, it can be observed that the co-
located configuration performs better for both UE 1 and UE
2, with a more significant performance gap observed for UE
2. This difference can be attributed to the specific locations
of the UEs, RUs (RU1 and RU2), and the BS. In this case, the
co-located configuration benefits from centralized processing
at the BS, which provides stronger and more consistent
signals to both UEs compared to the distributed setup with
only two RUs.

As the number of antennas increases from 2 to &, the
distributed configuration shows significant improvement in
performance for both UEs, with the BLER curves shifting
to lower SNR values. However, for the co-located setup
with 8 antennas, the curve becomes steeper than that of the
distributed configuration. This is because the spatial diversity
in the co-located case is higher with all antennas centrally

I'We note that the co-located antenna system serves as the baseline for

traditional MIMO performance.
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FIGURE 12. BLER versus TX-SNR performance for UE1 and UE2 with varying numbers of antennas (2, 4, and 8) for MCS 8 (16QAM), comparing the
performance of the co-located and distributed configurations. The left plot shows results for UE 1, while the right plot shows results for UE 2.

aggregated, resulting in more effective multi-antenna pro-
cessing for the UEs located nearby. As a representative
quantitative example at BLER = 1072, we observe that
with 2 antennas, the co-located configuration outperforms the
distributed one by approximately 0.8 dB for UE1 and 4.1 dB
for UE2. In contrast, with 8 antennas, the distributed setup
shows better performance, outperforming the co-located case
by 7.1 dB and 3.5 dB for UE1 and UE2, respectively. These
values, summarized in Table [6] help illustrate how perfor-
mance trends depend on both antenna count and deployment
layout.

It is important to emphasize that the presented results are
specific to the selected topology, including fixed UE, RU,
and BS locations. While this controlled setup allows for de-
tailed analysis and clear interpretation of performance trends,
it also introduces limitations in terms of generalizability.
Specifically, the observed SNR advantages depend strongly
on the spatial relationships between UEs and RUs. In prac-
tical systems, user and RU locations vary significantly, and
the performance gains from distributed configurations may
differ under randomized or dynamic topologies. Therefore,
while the current results provide valuable insight into the
influence of antenna distribution, they should be interpreted
as specific to this layout. To ensure a fair comparison, spatial
correlation effects were excluded from this study. As a next
step, we aim to extend the simulator to support randomized
topologies and aggregate performance metrics, enabling a
more generalized and statistically robust analysis.

TABLE 6. Difference in Required TX-SNR Between Distributed and Co-
located Configurations at BLER = 10~ 2.

Total no. of antennas | A SNR (UE1, dB) A SNR (UE2, dB)
2 +0.8 +4.1
4 -1.1 -1.8
8 -7.1 -3.5

J. Evaluation of Carrier Frequency Impact

Figure [I3] presents the BLER versus TX-SNR performance
for UE1 and UE2 under MCS 2 (QPSK), comparing the
results at two carrier frequencies: 3.6 GHz and 1.9 GHz. The
figure clearly illustrates how increasing the carrier frequency
affects system performance. Specifically, we observe that the
BLER curves at 3.6 GHz shift rightward compared to those
at 1.9 GHz for both UEs, indicating that a higher TX-SNR
is required to achieve the same BLER target at the higher
frequency. This degradation is mainly due to increased path
loss at 3.6 GHz, which negatively impact the received signal
quality.

K. Impact of Varying Number of UEs on BLER
Performance

To further strengthen the evaluation, we extended our sim-
ulations to study the effect of varying the number of UEs
on system performance under the same setup with 8 RUs.
Fig. [I4] presents the BLER versus TX-SNR curves for
different numbers of UEs, ranging from a single UE up
to eight UEs, using the same RU configuration and system
parameters. The results show that, as the number of UEs
increases, the BLER performance slightly degrades due to
increased multi-user interference. With a single UE, there
is no interference, and the available spatial and frequency
resources are fully dedicated to that user. However, as the
number of UEs grows, multiple users share the same time-
frequency resources, increasing interference within the sys-
tem. This leads to slightly higher SNR requirements to main-
tain the same BLER target across all users. Nevertheless, the
CF-MIMO system maintains reliable performance even as
the UE count increases to eight, demonstrating its scalability
and robustness in supporting multi-user environments. These
findings highlight the importance of evaluating multi-UE
performance to better understand the capacity and limits of
CF-MIMO systems, complementing the single-UE and two-
UE evaluations presented in earlier sections.
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L. Spectral Efficiency Analysis Based on BLER Results
To provide a clearer view of the practical performance impact
beyond BLER, we present a spectral efficiency analysis
derived from the link-level results. This addition bridges
the gap between physical-layer reliability and system-level
throughput by mapping each MCS level to its corresponding
spectral efficiency (in bits/s/Hz), and associating it with
the TX-SNR required to achieve a target BLER of 1072
Figure [I3] shows the resulting Spectral Efficiency vs. TX-
SNR curves for both the distributed CF-MIMO and the co-
located MIMO configurations. As expected, the CF-MIMO
system achieves higher spectral efficiency at a given TX-
SNR due to its spatial and site diversity advantages, offering
approximately 1-2 bits/s/Hz more than the co-located con-
figuration at TX-SNRs above 90 dB.
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V. Discussion, Scalability, and Future Work

A. Scalability and Fronthaul Considerations

Beyond the link-level results presented in this work, scaling
CF-MIMO to practical deployments introduces important
system-level considerations. While a full evaluation of these
aspects is left for future work, we outline several key fac-
tors—such as fronthaul capacity, synchronization overhead,
and RU processing complexity—that are critical to realizing
the performance gains of CF-MIMO at scale.

Fronthaul Overhead:

In CF-MIMO, each RU must transmit received baseband I/Q
samples to the CPU. For uplink transmission, the required
fronthaul data rate Ry scales approximately as:

Ry =Ny x BxRgxqx2, (16)

where N, is the number of RU antennas, B is the band-
width, R is the sampling rate per Hz (typically > 2), and ¢
is the number of quantization bits per I or Q component (e.g.,
10-12 bits). Since each complex baseband sample consists of
two components the total fronthaul bit rate includes a factor
of 2 to account for both. For example, with B = 100 MHz,
Nane = 1, Ry = 2, and ¢ = 12 bits, the uplink fronthaul data
rate is approximately:

Ry=1x100x10°x 2 x 12 x 2 =4.8Gbps  (17)

In practice, additional protocol overhead (e.g., line cod-
ing, framing, control information) can increase the required
fronthaul rate [30]. To address this challenge, our recent
work in [31] extends the link-level simulator used in this
paper to evaluate uplink fronthaul compression methods
in O-RAN-based distributed MIMO systems. We apply
standardized O-RAN compression techniques to reduce the
fronthaul load with minimal impact on system performance,
as demonstrated by BLER curves. These findings underscore
the potential of practical compression schemes to make CF-
MIMO more scalable under realistic deployment constraints.
Synchronization and Coordination:

Distributed RUs require tight time [32] and frequency (33|
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synchronization to coherently combine signals. This in-
troduces overhead for distributing timing information and
potentially GPS- or PTP-based synchronisation, depending
on deployment density and backhaul constraints.

RU-Side Processing Complexity:

In this study, RU functionality is limited to RF, ADC, and
FFT/iFFT. However, more scalable CF architectures may
push part of the PHY processing (e.g. channel estimation)
to the RUs to reduce fronthaul load. This offloading reduces
central load but increases RU hardware requirements and
coordination complexity. While detailed quantification is
left for future system-level analysis, these considerations
are critical in assessing the viability of large-scale CF-
MIMO systems. Trade-offs between fronthaul capacity, RU
capability, and coordination complexity must be carefully
balanced during deployment design.

B. Future Work

Future work will extend the current link-level simulator to
support downlink transmission in CF-MIMO systems, in-
cluding multi-antenna RUs transmitting multi-layer streams.
We will also investigate channel estimation under more
challenging conditions, such as high Doppler shifts, large
delay spreads, and pilot contamination from reuse, with
a focus on robust DMRS design. The simulator will be
enhanced to study synchronization issues and the impact
of time and frequency offsets across spatially distributed
RUs—key factors that affect coherent transmission in prac-
tical deployments. Addressing these non-idealities will pro-
vide clearer insight into system design and performance
limits. Additional directions include evaluating the effects
of RU correlation and shadow fading, as well as developing
algorithms for RU placement to improve site diversity. We
also plan to adopt more realistic deployment models, such as
hexagonal layouts or random RU/UE positioning, to improve
generalizability. Lastly, future evaluations will consider user
mobility, heterogeneous distributions, and inter-cell interfer-
ence to assess scalability under practical conditions.

VI. Conclusion

In this work, we developed and applied a comprehensive,
3GPP-compliant link-level simulator to evaluate the PHY-
layer performance of uplink CF-MIMO systems under 5G
NR standards. Through systematic simulations, we analyzed
key parameters such as SCS, MCS, the number of distributed
RUs, and the number of RU antennas, using BLER as the
primary performance metric. The results demonstrated that
increasing the number of RUs enhances spatial diversity
and reduces path loss, leading to improved BLER per-
formance. We showed that higher SCS values effectively
leverage frequency diversity, particularly when the signal
bandwidth exceeds the coherence bandwidth of the channel.
Furthermore, we evaluated multiple DMRS configurations
and confirmed that Type 1 with length 2 provides superior
channel estimation performance under practical conditions.

Importantly, we compared the CF-MIMO system with a co-
located antenna system (representing a traditional MIMO
baseline) and confirmed that the CF-MIMO configuration
consistently achieves better performance due to its spatial
distribution advantages. Overall, this study provides valuable
insights into the spatial, frequency, and estimation aspects
of CF-MIMO system design, offering guidance for MCS
adaptation and enabling accurate PHY abstraction for higher-
layer simulations.
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