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Abstract—Cell-free (CF) architectures and full-duplex (FD)
communication are leading candidates for next-generation wire-
less networks. The CF framework removes cell boundaries in
traditional cell-based systems, thereby mitigating the inter-cell
interference and improving the coverage probability. In contrast,
FD communication allows simultaneous transmission and recep-
tion on the same frequency-time resources, effectively doubling
the spectral efficiency (SE). The integration of these technologies,
known as CF FD communication, leverages the advantages of
both approaches to enhance the spectral and energy efficiency
in wireless networks. CF FD communication is particularly
promising due to the low-power and cost-effective FD-enabled
access points (APs), which are ideal for short-range transmissions
between APs and users. Despite its potential, a comprehensive
survey or tutorial on CF FD communication has been notably
absent. This paper aims to address this gap in the literature.
It begins with an overview of FD communication fundamentals,
self-interference cancellation techniques, and CF technology prin-
ciples, including their implications for current wireless networks.
The discussion then moves to the integration and compatibility
of CF and FD technologies, focusing on channel estimation,
performance analysis, and resource allocation in CF FD massive
multiple-input multiple-output (mMIMQO) networks, supported
by an extensive literature review and case studies. The potential of
combining a sub-category of CF architecture—network-assisted
CF technology—with FD technology is also explored, including
a detailed case study on fundamentals, performance analysis,
AP operation, and mode assignments. Finally, emerging CF
FD paradigms, like millimeter-wave communications, unmanned
aerial vehicles, and reconfigurable intelligent surfaces, are dis-
cussed, highlighting existing contributions and unresolved issues.

Index Terms—Cell-free massive multiple-input multiple-
output, full-duplex, next-generation wireless networks.
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I. INTRODUCTION

HE fifth-generation (5G), beyond 5G, and sixth-

generation (6G) wireless networks will be essential for all
aspects of life, society, and industry, supporting technological
applications like holographic telepresence, e-Health, smart
environments, massive robotics, 3D unmanned mobility, aug-
mented and virtual reality, and the Internet of Everything [1],
[2]. These networks must meet diverse requirements in terms
of spectral efficiency (SE), reliability, security, energy effi-
ciency (EE), and latency [2]. Massive multiple-input multiple-
output (mMIMO) systems, including co-located, distributed,
and cell-free (CF) paradigms, have gained significant attention
as key enabling technologies. In fact, the CF architecture,
which combines the advantages of distributed antennas and
co-located mMIMO, has attracted particular interest [3].

CF systems have been developed to achieve high data rates,
uniform quality-of-service (QoS), and ultra-high reliability
by eliminating inter-cell interference through the absence of
cell borders [3]-[6]. In a conventional CF setup, numer-
ous distributed access points (APs), connected to a central
processing unit (CPU), serve all users (UEs) cooperatively.
However, conventional CF systems face scalability issues, high
fronthaul signaling, and computing complexity, making them
problematic for large-scale networks [6]—[8]. To address this,
the user-centric approach has been proposed, where each user
is supported by a small number of cooperative APs, reducing
the load on the CPU. This topology enhances the EE and
connectivity, ensuring consistent coverage and performance
across the network [6]-[8].

Full-duplex (FD) operation, which can potentially double
the SE of wireless networks by eliminating the need for
separate uplink (UL) and downlink (DL) channels, has gained
attention with advancements in self-interference (SI) cancel-
lation techniques [9]-[12]. SI occurs when the transmitted
signal from the FD node transmitter leaks to the receiver,
often overwhelming the received signal of interest, which is
transmitted from another node. Effective SI mitigation is thus
critical to maximize the benefits of FD. Techniques, such as
propagation domain isolation, analog suppression, digital SI
cancellation (SIC), and machine-learning (ML)/deep learning-
based approaches have been developed for this purpose [9]-
[28]. However, due to practical limitations, residual SI remains
a critical factor in system performance. Despite these chal-
lenges, the FD technology is promising for next-generation
wireless networks, potentially doubling the SE and addressing
issues such as hidden terminals, congestion-related throughput
loss, and large end-to-end delays [13].

The reduced per-AP coverage area and lower transmit power
of distributed APs in CF networks make them well-suited for
deploying FD transceivers, as they significantly reduce the
complexity and power consumption of SI cancellation (SIC)
circuits compared to co-located FD massive MIMO base sta-
tions (BSs). Additionally, lower transmit power helps mitigate
inter-AP interference, thereby enhancing the network perfor-
mance. CF FD networks can theoretically ensure ubiquitous
connectivity for UEs operating in both UL and DL over the
same frequency bands, regardless of time and location. Beyond

enabling simultaneous transmissions with minimal latency,
FD operation in CF networks also unlocks new opportunities
for emerging technologies such as localization and sensing.
By leveraging multi-cast sensing, where UL echo signals are
collected at multiple APs, a cooperative sensing/localization
approach can be employed, enhancing the functionality of
future wireless systems.

A. Existing Survey Papers and Organization

Several separate surveys and tutorials exist for CF com-
munication [4], [8], [29]-[35] and FD communication [12],
[19], [36]-[44]. In [35], the integration of state-of-the-art and
emerging technologies into CF was explored, highlighting the
associated design challenges. Moreover, network-assisted CF
was introduced as a novel architecture that enables simul-
taneous UL and DL transmissions over the same frequency
bands, enhancing system flexibility. In [44], the evolutionary
trajectory of cellular networks was examined, tracing their
development from conventional half-duplex (HD) multi-user
MIMO systems to CF FD architectures. However, they over-
looked early efforts to incorporate FD technology into CF,
particularly in key areas, such as channel estimation, per-
formance analysis, signal processing, and resource allocation.
Furthermore, the unique challenges posed by the FD operation
at CF networks APs remain largely unaddressed. Despite
the discussions in [35] and the introduction of network-
assisted CF-MIMO networks in [44], no dedicated study has
exclusively explored the potential of consolidating CF and FD
technologies. In particular, the opportunities and challenges of
CF FD networks in the contexts of millimeter-wave (mmWave)
communications, unmanned aerial vehicle (UAV) communi-
cations, reconfigurable intelligent surface (RIS) deployments,
and integrated sensing and communication (ISAC) remain
largely unexplored. This survey is the first to do so. Reference
[45] highlighted the SE and EE enhancements achieved by the
integration of FD and CF, as well as corresponding challenges
in future wireless networks. However, it did not fully explore
recent advancements and integration challenges, leaving a
significant gap in the literature. This study aims to fill that
gap by comprehensively reviewing the amalgamation of FD
and CF technologies.

The contributions of this paper are summarized as follows:

1) The principles of FD communication are introduced,
focusing on transceiver structures and the types of
SI. Classical SI mitigation approaches, including pas-
sive suppression (propagation-domain SIC) and active
cancellation (analog- and digital-domain SICs), are re-
viewed, along with recent ML-based SI mitigation meth-
ods. Additionally, the CF technology is briefly intro-
duced, along with its implications for both existing and
future wireless networks.

2) The feasibility of merging CF and FD technologies is
examined, focusing on channel estimation, performance
analysis, and resource allocation in CF FD networks. An
extensive literature review is provided, along with case
studies using a general CF FD system configuration.

3) The paper explores CF network-assisted FD (NAFD)
networks, which use HD transceivers to achieve virtual



in-band FD (IBFD) communication. A comprehensive
case study delves into the basics, performance analysis,
and AP operation and mode assignments.

4) Finally, remaining challenges, open issues, and emerging

trends are addressed, including a review of new CF
FD paradigms like mmWave communications, UAV
communication, RISs, and ISAC, focusing on existing
contributions and unresolved challenges.

The remainder of this paper is as follows: Section II
presents an overview of FD technology, followed by a detailed
discussion on the fundamentals of CF in Section III. In Sec-
tion IV, we explore the application of FD within CF systems.
Subsequently, Section V introduces the CF NAFD concept,
offering a unified approach to CF FD and HD communication.
Finally, Section VI highlights the opportunities and challenges
that CF FD pose for future 6G networks, with concluding
remarks provided in Section VII.

Notation: We use bold upper case letters to denote matrices
and lower case letters to denote vectors. The superscripts (-)H
and (-)~! stand for the conjugate-transpose (Hermitian) and
matrix inverse, respectively; Iy denotes the N x N identity
matrix. A circularly symmetric complex Gaussian distribution
having variance o is denoted by CA (0, o). Moreover, |-| and
||| denote the absolute value and norm operators, respectively.
Finally, E{-} denotes the statistical expectation.

II. FULL-DUPLEX FUNDAMENTALS

HD mode is the standard in current wireless networks,
where transceivers use orthogonal channels for end-to-end
transmission [46]. This means transmitting and receiving
in non-overlapping time slots (time-division duplex, TDD),
frequency slots (frequency-division duplex, FDD), or using
distinct orthogonal spectrum-spreading codes, effectively elim-
inating strong SI [46]. However, the rapid growth of wireless
applications demands much higher SE for next-generation
systems [2]. This FD operation, which enables simultaneous
transmission and reception over the same time and frequency
resources, offers a promising path to meet these needs [36],
[37], [40], [47]-[49]. The primary challenge for FD systems
is SI — the leakage of a node’s transmitted signal into its own
receiver antennas. If this SI can be sufficiently canceled or
suppressed to allow accurate detection of the intended low-
power received signal, FD communication could theoretically
double the achievable SE [36], [48].

SI is typically several orders of magnitude stronger than the
desired signal, as the latter must travel a much longer distance.
For example, for two transceivers (17 and T5,) separated
by 500m, the desired signal from 77’s transmitter to 7%’s
receiver is attenuated by approximately 120dB, while the
isolation between the transmit and receive paths on the same
transceiver may only provide 15dB, leaving the SI about
105dB stronger than the desired signal [50]. This massive
power disparity increases with transceiver separation and has
historically limited FD system performance, fueling the belief
that FD radios are impractical. However, recent advances
in efficient SIC techniques have reignited research interest,
positioning FD as a key wireless enabler beyond 5G [36],
[37], [40], [48].

o \Jj

<
ScattererS/Reﬂectors

Qu)

ScattererS/Reﬂectors

/ /

Reﬂected SI Reﬂected SI
Dlrect ST
AN 74§ 4
; Dlrect SI
“Leakage ST "
) o Leakage Si”
ETransmitter§ Receiver | Transmltteri i Receiver |
{ RF Chain / { RF Chain | RF Chain | | RF Chain |

(a) Separate antenna transceiver (b) Shared antenna transceiver

Fig. 1: The SI in separate antenna and shared antenna architectures.

There are two types of IBFD transceiver architectures: (i)
separate antenna architectures, which use separate antennas for
transmission and reception, and (ii) shared antenna architec-
tures, which use the same antennas for simultaneous transmis-
sion and reception (Fig. 1) [50]. In the latter case, a circulator
separates the transmission and reception paths. Regardless of
the transceiver architecture, i.e., separate antennas or shared
antennas, there are three distinct types of SI (Fig. 1) [51],
i.e., (i) Leakage SI, (ii) Direct SI, and (iii) Reflected SI. The
cumulative SI at the receiver, xgy(t), can be mathematically
expressed as

ws1(t) = higwe(t — 1) + hdjze(t — 74)
x5 () z¢1(t)
M
+ Y Bt — ), 1)
m=1

x5 (1)

where zg;(t), 23;(t), and x%;(¢) represent the leakage SI,
direct SI or spillover, and reflected SI, respectively, while
hgp, hd;. h%; ,, denote the respective SI channels. Here, 7;,
T4, and T, represent the associated delays, and M is the
number of multi-path reflection paths from the environment.
In addition, x;(t) is the transmitted signal at the transmitter
antenna. In particular, to generate x;(t), the digital-to-analog
converter (DAC) in the transmitter first converts the base-
band data/signal, z[n], to its analog version, zy(t), i.e., the
baseband signal. The transmitter then upconverts x;(¢) to the
radio frequency (RF) signal, x,(t), and passes it to the power
amplifier (PA) for amplification, resulting in the signal x(¢).

1) Leakage SI: This occurs on-chip or on-board in dense
antenna integration and shared-antenna designs due to cir-
culator leakage or cross-talk (e.g., due to imperfect antenna
matching). This SI can be accurately characterized offline
(i.e., in an anechoic chamber) and, thus, calibrated during the
system design [36].

2) Direct SI: This comprises the signal propagating directly
from the IBFD terminal’s transmit antennas to its own receive
antennas, especially in separate antenna designs. This also oc-
curs in shared antennas due to antenna impedance mismatches.
These channels are usually modeled as line-of-sight (LoS)
dominated channels, e.g., Ricean [20], [52]. Due to the short
distance of the direct link between the transmit and receive
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Fig. 2: A generic block diagram of an IBFD transceiver.

antennas, the direct SI power could exceed the desired signal
power by up to 104dB in a wireless fidelity (Wi-Fi) system
[36], [53].

3) Reflected SI: This is typically due to the non-LoS
(NLoS) reflections of the transmitted signal from the ex-
ternal environment, such as nearby objects/scatterers. Thus,
the reflected SI depends on environmental effects that are
changing and are inherently unpredictable. Such multi-path
reflection leads to frequency-dependent/selective SI channels.
These channels can be modeled empirically or analytically.
The empirical models of SI channels derived from measure-
ments are only efficient and accurate in environments with
the same specific characteristics as the measurements [54]-
[56]. The analytical channel models are more attractive than
empirical models, and the geometry-based statistical channel
model is one of the most commonly used analytical channel
models [57]-[60]. These models are defined by the spatial
location of the transmitter, receiver, and scatterers, which
are described by the area form and spatial density of their
occurrence. Typically, the reflected SI outpowers the desired
received signal by 15dB to 100dB [53], [61]. The frequency
selectivity and long propagation delay of reflected SI make the
analog-circuit-domain cancellation much more challenging.

The total SI due to these three sources of SI can be
substantial. Hence, effective SIC techniques are indispensable
for achieving IBFD communication.

The SIC can occur at various points along the transmitter
and receiver chains (Fig. 2). For example, replicating reference
signals in the transmitter chain and subtracting the modified
reference signal(s) in the receiver chain can remove multi-path
SI. Here, additional signal delaying cancels the frequency-

dependent SI, while attenuation and phase-shifting cancel the
frequency-independent SI [51].

Selecting a reference signal from the transmitted signal is
critical because it must capture the information and distortions
caused by RF imperfections, such as phase imbalance, gain,
and transmitter-generated noise and distortion. For example,
the analog-to-digital converter (ADC) dynamic range will be
a significant bottleneck if this is done in the digital domain
at the baseband, i.e., after the ADC. In particular, the strong
SI is scaled along with the input to the ADC to match their
respective dynamic ranges. From the classical rule of thumb
for a 10bit ADC, the resultant quantization noise is 6.02 x
10+ 1.76 = 61.96 dB lower than the signal at the input of the
ADC [50]. If the SI is 100 dB higher than the desired signal,
the quantization noise will be approximately 38 dB higher.
Therefore, even if the SI is completely canceled at the ADC
output, the receiver will not be able to process the desired
signal.

On the other hand, the dominant nonlinearities in the PA
processes cannot be eliminated if a reference signal is copied
before it encounters the PA. Similarly, eliminating the SI early
in the receiver’s RF chain is advantageous because it reduces
the demands on the receiver’s front-end linearity, ability to
handle large signals, and the resolutions required for the ADC.
This highlights the significance of implementing SIC near the
antenna, and thus, choosing a reference signal as close to the
antenna as possible is preferable. However, additional SIC at
the digital baseband is still required, especially to cancel the
frequency-dependent SI. Furthermore, the transmitter impair-
ments are significant compared to the received desired signal
and must be reduced. Simply reducing the SI using the known
transmitted symbols can result in a large residual SI. Hence,
designing SIC techniques is the most essential element of
implementing the revolutionary FD paradigm [9].

A. SI Mitigation

Various SIC/suppression schemes have been proposed for
FD systems [9], [13]-[17]. The proposed methods employ
a combination of antenna (i.e., propagation-domain), radio-
frequency (RF) (i.e., analog-domain), and baseband (i.e.,
digital-domain) techniques, which are classified into two cat-
egories.

1) Passive suppression: The propagation domain SIC meth-
ods are passive and avail of physical methods to
increase the propagation loss of the SI signal [13],
[18]-[20]. Examples of these techniques are antenna
separation, antenna cancellation, directional antennas,
cross-polarization, and other techniques. Environmental
reflections limit the effectiveness of cancellation. The
maximum cancellation achieved in the reflective room,
for example, is approximately 27 dB lower than in the
anechoic chamber [11]. Therefore, additional cancella-
tion (i.e., 30dB to 70dB) is required in the analog and
digital domains to reduce the SI signal level to the noise
floor [19], [20].

2) Active cancellation: SICs in the analog and digital
domains are active methods. Analog cancellation can



suppress the high-power SI caused by the ADC. It neces-
sitates training sequence-based approaches or adaptive
interference cancellation [13], [62]. Since the residual
SI after the analog active cancellation is still the rate-
limiting bottleneck, additional digital cancellation is
required. Digital cancellation requires delays, and phase
shifts between the transmitted and received signals to
remove linear and nonlinear residual SI components.
Thus, SI channel estimation is necessary [63].
Combining them is an option because no single analog or
digital method can provide sufficient SI canceling capacity.
Nonetheless, nonlinear distortions, non-ideal frequency re-
sponses of circuits, phase noise, and other inevitable hardware
imperfections in practical FD transceivers may limit the SIC,
leaving a significant residual SI [18], [63].

1) Propagation-Domain SIC: These techniques aim to sep-
arate the transmitter and receiver chains electromagnetically.
In particular, they suppress the SI before it manifests in the
receive chain circuitry by physically isolating or separating an
FD node’s transmit and receive antennas [10]. The primary
benefit of performing SI suppression in the propagation do-
main is that the receiver hardware does not need to accurately
process signals with a wide dynamic range [36]. Separate
antenna designs achieve this through a combination of path
loss, cross-polarization, and antenna directionality [11], [64]-
[66], whereas shared antenna architectures use the circulator,
e.g., commercially available circulators can achieve transmit-
receive isolation of about 20 dB [50].

Separate antenna systems can increase the path loss between
the transmit and receive antennas by spacing them apart and/or
by placing absorptive shielding between them [11], [65], [66].
Although this is a simple technique, its effectiveness is limited
by the device’s form factor, i.e., the smaller the device, the less
room for such an implementation. Cross-polarization provides
an additional mechanism for isolating the IBFD transmit and
receive antennas. For example, an IBFD terminal that transmits
only horizontally polarized signals and receives only vertically
polarized signals can avoid interference between them [11],
[64]. Antenna directionality, on the other hand, aims to avoid
interference via directional transmit and/or receive antennas
by aligning the null directions [11], [65].

Even if factors like placement sensitivity and device inte-
gration hinder the performance of these techniques in practice,
they can still be quite effective at suppressing the direct SI
[11]. For example, reference [11] achieved a SI suppression
level of 74 dB using commercially available hardware in an
anechoic chamber setting, which is a much more accurate
representation of an outdoor environment with generally fewer
reflections. However, the same design performs poorly in
highly reflective indoor environments, only providing 46 dB
suppression. This is because it is sensitive to reflected SI,
the channel characteristics of which are unknown when the
system is designed. It is worth noting that the same issues arise
in shared-antenna systems, i.e., a circulator can accurately
suppress the direct SI. Yet, it cannot distinguish between the
reflected SI and the desired signal.

On the other hand, dealing with reflected SI caused by
nearby multi-path scattering necessitates channel-aware SI

suppression methods. Transmit beamforming is one such
channel-aware propagation-domain SI suppression scheme. It
directs the IBFD terminal’s multi-antenna transmit array by
customizing the complex weights per antenna to zero the
radiation pattern at each IBFD receive antenna [65], [67],
[68]. However, this requires accurate knowledge of the di-
rect and reflected SI channel gains and delays, which can
be acquired either explicitly through channel estimation or
implicitly through weight adaptation [36].

We point out that the aforementioned channel-aware or
channel-unaware propagation-domain SI suppression tech-
niques have a critical weakness, i.e., they may accidentally
suppress the desired signal when adjusting the IBFD transmit
and/or receive patterns to suppress the SI [36].

2) Analog-Domain SIC: These methods aim to suppress
the SI in the analog receive-chain circuitry before the ADC.
In particular, the main idea is to replicate a reference signal(s)
in the transmitter chain, process it in the analog domain,
and subtract the modified reference signal(s) in the receiver
chain to cancel the SI. This suppression can happen before
or after the downconverter and low-noise amplifier. Other
possibilities include replicating the reference signal in the
digital domain, adjusting the essential gain/phase/delay, and
then converting it to the analog domain for SIC [10], [62],
[69]. Like the propagation domain counterpart, analog domain
cancellation techniques can be channel-aware or channel-
unaware. Channel-unaware techniques cancel only the direct
SI, whereas channel-aware techniques aim to cancel both the
direct and reflected SI [11], [13], [14], [62].

The direct and reflected SI channels can be modeled in a
narrowband transmission scenario as complex gains and delays
between each transmit and receiver antenna pair. In this case,
a single antenna IBFD transceiver with separate transmit and
receiver antennas needs to adjust only a single scalar com-
plex cancellation gain and a single delay. A channel-unaware
scheme can do this once the system is designed or calibrated.
On the other hand, a channel-aware design constantly adjusts
this gain and delay to compensate for changes in the reflected
SI channel [13], [36], [62].

The same techniques as in narrowband transmission can
mitigate the direct SI if the antenna gain and phase responses
are frequency-flat. However, analog-domain SIC is much more
challenging because the reflected SI is generally frequency-
selective due to multi-path propagation. In particular, repli-
cating and processing a reference signal in the analog domain
necessitates the adaptation of an analog filter for each transmit-
receive antenna pair [36]. Another option is to digitally process
the reference signal before converting it and using it in
the analog domain. This makes adaptive digital filtering for
reflected SIC possible, which is typically much simpler to
implement in wideband orthogonal frequency-division multi-
plexing (OFDM) systems [69]. However, non-idealities in the
receiver’s analog circuit limit the cancellation accuracy.

3) Digital-Domain SIC: These methods use sophisticated
digital signal processing techniques on the received signal
to cancel the SI after the ADC. Working in the digital
domain has the advantage of making sophisticated processing
relatively easy. For example, although beamforming can be



implemented in the analog domain, it is common practice
to implement it digitally due to lower circuit complexity and
power consumption [18], [70]. However, the ADC’s dynamic
range severely limits the amount of possible SI reduction.
Thus, for digital-domain methods to succeed, the propagation-
domain and/or analog-domain SIC techniques must achieve
sufficient SI suppression prior to the ADC. In particular, as the
last line of defense against SI, these methods aim to cancel the
residual SI left over from the propagation- and analog-domain
approaches.

Since the transmitted signal deviates from the generated ref-
erence signal due to hardware impairments, multi-path fading,
and other imperfections, subtracting the estimated signal rather
than the clean signal may improve the digital cancellation
capabilities significantly. In practice, digital cancellation has
two main components: (i) estimating the SI channel and (ii)
applying the channel estimation to the known transmitted
signal to generate digital samples for subtracting the SI from
the received signal [71]. Estimating the SI signal components,
including leakage through the analog cancellation circuit and
delayed reflections of the SI signal from the environment,
is necessary to eliminate the residual SI power after analog
cancellation [63]. There are two types of residual SI: linear
and nonlinear. The linear SI accounts for the vast majority
of SI power and can be approximated using least-squares
and minimum mean square error (MMSE)-based techniques
[72]. On the other hand, nonlinear SI results from nonlinear
distortions in imperfect analog cancellation circuits [72]. In
particular, for high SIC in the digital domain, the nonlinearity
of the SI leakage channel must be precisely quantified.

4) ML-based SI Mitigation: Despite advances in classical
SIC techniques, perfect RF cancellation is challenging and
expensive, resulting in residual SI signals at the receiver
after the RF cancellation stages, i.e., propagation-domain and
analog-domain cancellations [24]. Theoretically, this residual
SI can be readily canceled in the digital domain since a
known transmitted baseband signal causes it. Unfortunately,
this is not practically feasible, as various transceiver nonlin-
earities, such as baseband nonlinearities (e.g., DAC and ADC),
in-phase/quadrature-phase (I/Q) imbalance, phase noise, and
PA nonlinearities, contaminate the SI signal [73]-[77]. To
fully cancel the SI to the level of the receiver noise floor,
complicated nonlinear cancellation algorithms, often based
on polynomial expansions, are necessary. For example, a
parallel Hammerstein model is a commonly used nonlinear
SIC method that accounts for both PA nonlinearities and I/Q
imbalance [77].

Although polynomial models perform well in practice, their
implementation complexity is often significant since the num-
ber of estimated parameters grows rapidly with the maximum
considered nonlinearity order, whilst a large number of nonlin-
ear basis functions must also be computed [24], [77]. On the
other hand, principal component analysis (PCA), which can
identify the most significant nonlinearity components of a par-
allel Hammerstein model, is an effective complexity-reduction
technique. However, PCA-based approaches require multiply-
ing the transmitted digital baseband samples by a transfor-
mation matrix to obtain the SIC signal, thereby introducing

additional complexity. Furthermore, the high-complexity PCA
procedure must be re-run whenever the SI channel undergoes
a significant change.

The most recent technologies, that have received attention
in academia and industry as a remedy for compensating for
nonlinear effects in communications systems include ML and
deep learning [24], [26], [78]. They have also been used
for SIC in FD radios [21]-[28]. For example, due to their
extensive nonlinear modeling capabilities, neural network-
based solutions for digital SIC in FD radios have provided
a favorable trade-off between computational complexity and
SIC performance [24]. The basic concept is to estimate the
linear and nonlinear SI separately. In particular, the linear SI
is first estimated using the least squares estimation method and
then subtracted from the received signal. The remaining signal,
which represents the nonlinear SI, is then estimated using ML
or deep learning techniques and subtracted from the received
signal for final SIC [24], [26].

It is worth noting that ML-based techniques for SI miti-
gation operate via training models to more accurately predict
and remove the SI signal than traditional methods [24]. These
strategies can adapt to complex and dynamic environments,
learning to model the nonlinearities and other factors that make
SIC challenging. Since these approaches operate in the digital
domain (usually after signal ADC), they are classified as part
of digital SIC methods [24].

For more information on the fundamentals of FD communi-
cation and SIC, including classical and ML-based techniques,
interested readers can refer to [45], [79] and the references
therein.

III. CELL-FREE FUNDAMENTALS

The advent of 5G cellular technology has significantly
improved data rates and traffic volumes compared to previous
cellular technologies, thus reducing data transfer latency [80].
However, it is essential to note that the benefits of these
enhancements are more pronounced for users in proximity
to cell centers. In contrast, users at the cell edges may still
experience limitations due to inter-cell interference and han-
dover issues inherent in cellular architectures. Therefore, while
5G presents a promising future for mobile communication,
further advancements are needed to address these limitations
and ensure that all users can benefit equally from this and
future technologies.

In conventional cellular systems, the data source does not
directly communicate with the user, which would require a
high transmit power due to the user’s distance. Instead, the
data is sent to a nearby BS using low power, which then
forwards it to a BS closer to the user. This approach allows
for effective spatial reuse of the frequency spectrum and
helps manage data traffic volumes. However, to handle higher
traffic volumes, cellular networks often deploy more BSs in
a given area, known as BS densification [31]. Unfortunately,
this also increases the inter-cell interference and the frequency
of handovers, resulting in traffic congestion at the cell edges.
Unlike cell-center users, who experience lower interference
levels and higher data rates, cell-edge users often receive



moderate data rates even in 5G networks. This is reflected
in the 95 %-likely user data rate, which is the minimum rate
that 95 % of users can reliably achieve. However, in current
5G networks, this rate is still relatively low, indicating that
many users, i.e., typically at the cell edge, do not enjoy the
high performance promised by 5G [31]. To overcome these
limitations, innovative solutions are needed to improve the
cell-edge performance and provide better user experiences.

One potential solution to address the limitations of conven-
tional cellular systems is to adopt a CF architecture where each
user is connected to several APs, effectively treating the entire
network as a single cell [81]-[90]. This approach eliminates
the need for cell boundaries and significantly reduces inter-cell
interference and handover issues. However, it also introduces
new challenges, such as the requirement for massive fronthaul
signaling for channel state information (CSI) and data sharing
and high computational complexity. Several versions of this
solution have been studied, including network MIMO [81]-
[83], distributed MIMO [84], and coordinated multi-point [85].
To reduce fronthaul signaling and computational complexity,
the network can be divided into clusters containing neigh-
boring APs, with each cluster exchanging CSI and data only
among themselves [91]-[93]. While this approach can provide
some performance gains, it only addresses the interference
and handover issues within the cluster boundaries, leaving the
cluster edges susceptible to these limitations [94].

A user-centric network could provide a potential solution
to these challenges by allowing each AP to collaborate with
different sets of APs when serving different users, putting the
user in control of deciding which set of APs is best for its
service instead of the network [4], [5], [95]. In addition, an
abundance of service antennas relative to the number of users
is deployed. This approach is CF, and it has recently gar-
nered significant research attention from the communication
community [4], [5], [95], [96]. This paradigm combines the
best aspects of network MIMO and mMIMO developed over
the last decade [8], [97]. It involves a user-centric approach
where APs cooperate to serve users based on their specific
channel conditions, allowing for more efficient use of available
resources and reducing inter-cell interference and handover
issues.

CF communication is a novel approach that combines three
previously known components: the mMIMO physical layer,
ultra-dense networks with many more total number of AP
antennas than users, and coordinated multipoint methods [8].
By consolidating these components, a CF system achieves a
user-centric, scalable operation for large-scale deployments.
This approach offers several advantages over conventional
cellular networks [8]:

o It achieves smaller signal-to-noise ratio variations across

the coverage area.

o It can help manage interference through joint processing
at multiple APs, a capability that is very challenging in
dense cellular networks.

o It can benefit from the increased SNR due to coherent
transmission, allowing APs with weaker channels to
participate in the transmission rather than just the AP
with the best channel.

Moreover, when a large number of co-located antennas are
used at an AP, two important properties emerge in CF net-
works: (i) Channel hardening and (ii) Favorable propagation
[8]. Channel hardening occurs when beamforming transforms
a fading multiantenna channel into a nearly predictable scalar
channel [4], [8], [98], [99]. In other words, small-scale fad-
ing effects disappear, and time/frequency-selective channels
operate essentially as additive white Gaussian noise (AWGN)
channels. This simplifies resource allocation as there is no
need to adjust power allocation or scheduling to small-scale
fading variations. Favorable propagation implies that the chan-
nel vectors of the users are almost orthogonal. This happens
due to the law of large numbers and is beneficial because there
will be little interference leakage between users. In principle,
these properties result from the law of large numbers [4],
[8], [98], [99]. In CF, multiple AP antennas contribute to
these properties. However, due to the relatively smaller number
of antennas per AP compared to cellular mMIMO, a lower
degree of channel hardening is expected compared to cellular
networks. On the other hand, CF networks are expected to
provide favorable propagation between relatively distant users,
but not among those who are close together.

Since the fundamentals of CF communication have been
well established, interested readers can refer to [7], [8] and
the references therein for more information.

IV. CELL-FREE FULL-DUPLEX COMMUNICATIONS

CF FD communication is an emerging technology that
combines the advantages of FD and CF systems to improve the
SE and EE of wireless networks [100]-[106]. It is a practical
and promising technology for beyond 5G networks, thanks to
the low-power and low-cost FD-enabled APs.

Despite their potential benefits, the design of CF FD net-
works faces significant challenges compared to conventional
FD systems, primarily due to severe inter-AP interference.
This interference stems from the simultaneous UL and DL
transmissions of a large number of APs over the same
frequency band. If not properly managed, such interference
can severely degrade system performance. Effective mitigation
typically demands substantial fronthaul overhead to facilitate
the exchange of CSI among APs. In particular, the inter-AP
channels must be estimated, and the corresponding CSI either
shared locally among APs for distributed interference manage-
ment or forwarded to the CPU for centralized coordination.

Nevertheless, CF FD communication remains a promising
paradigm owing to its inherent advantages in coverage exten-
sion, macro-diversity, and improved user fairness. The ability
to decouple the user-AP association and coordinate transmis-
sions across distributed APs offers a compelling case for its
deployment. However, to fully realize its potential, robust
interference management and power control techniques must
be developed. Given the novelty of this research direction, only
a limited number of studies have explored the performance of
CF-FD networks in the literature [100]-[111]

A. Channel Estimation

Channel estimation is critical in any wireless network
configuration because it improves performance, reliability,



and security [112]. In general, accurate CSI is required for
various communication tasks, such as decoding, beamforming,
equalization, and resource allocation. Similarly, accurate CSI
is essential for signal detection, interference/SI mitigation,
beamforming, and improving security and privacy in CF FD
systems. Furthermore, the channel estimates assist nodes, i.e.,
APs/users, in detecting changes in signal characteristics caused
by interference or malicious attacks and in taking appropriate
measures to protect communication [112].

To estimate the CSI, wireless networks typically use pilot-
based channel estimation and blind or semi-blind techniques
[113], [114]. Pilot symbols are sent regularly or interleaved
with data symbols to aid in channel estimation. Blind tech-
niques, on the other hand, use the statistical properties of the
received signal to estimate the CSI without the use of pilot
symbols. However, due to the lack of pilot symbols, they may
not achieve higher levels of accuracy (e.g., measured in terms
of mean square error (MSE)) [113], [114].

Although pilots are required for accurate channel estimation
in wireless systems, they come at a cost. Pilots can reduce the
system’s SE because they limit the time available for data
transmission [115], [116]. Besides, transmitting more pilots
to improve estimation accuracy can increase the system’s
energy consumption [115], [116]. As a result, it is essential to
strike a balance between channel estimation accuracy and SE
and EE to optimize the overall performance of the wireless
system [115], [116]. Nonetheless, accurate channel estimation
remains a critical component for improving the performance
of wireless systems.

To this end, several channel estimation methodologies have
been presented in the literature for CF FD systems [100],
[103]-[107], [117], [118]. In particular, reference [100] pre-
sented an orthogonal pilot-based channel estimation for a
generic CF FD system. It assumes that each AP has two
multi-antenna arrays for transmission and reception. However,
both antenna arrays can operate in transmit and receiver
modes depending on the system requirement. To this end,
the channels between the APs’ transmit antennas and the DL
users, as well as the APs’ receiver antennas and the UL users,
are simultaneously estimated using the MMSE methodologies
used in CF systems [8]. Similarly, references [104], [117],
[118] also utilized orthogonal pilot sequences to estimate the
UL and DL channels using MMSE estimation.

References [103], [105]-[107] used a slightly different ap-
proach. They divide the channel training period into two slots
to estimate the UL and DL channels. Specifically, the DL users
first transmit their assigned orthogonal pilot sequences while
the transmit antenna arrays at each AP operate in receiver
mode. The APs thus estimate the DL channels using the
received pilot signal through MMSE estimation. Similarly, in
the next slot, the UL users transmit their pilot sequences, and
the APs use the received signals at their receiver antenna arrays
to estimate the UL channels. Furthermore, references [105],
[106] employed a pilot sharing scheme to reduce channel
training overload. In [106], the authors proposed a novel
heap-based pilot assignment algorithm that can mitigate the
pilot contamination’s effects while reducing the computational
complexity.
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Fig. 3: A general CF FD system.

Case study and discussion: A numerical/simulation ex-
ample is presented to investigate one of the CF FD channel
estimation methodologies.

A CF FD system is considered consisting of M FD APs,
each with N; > 1 transmit and N, > 1 receive antennas, K
single antenna HD DL users, denoted by U$* for k € K, and
L-single antenna HD UL users, denoted by U for [ € £
(Fig. 3), where K € {1,..., K} and £ € {1,...,L}. The set
of APs is M € {1,...,M}. A CPU is assumed to connect
all APs via fronthaul/fronthaul links with sufficiently large
capacities. All APs simultaneously serve all DL and UL users
using the same time-frequency resources. Each AP’s transmit
and receive antennas can operate in both transmit and receive
modes. Each coherence interval includes two phases: (i) UL
training and (ii) UL and DL data transmission. In particular,
Tp symbols from the coherence interval with 7, symbols are
used for UL channel estimation, while the remaining (7, —7,)
symbols are used for UL and DL data transmission.

Block flat-fading channel models are considered. Thus,
during each fading block, f,,, € CV+*! and f,,, € CN-*!
denote the channel vectors from U$* to the mth AP transmit
and receive antennas, respectively. The channels between U}t
and the the mth AP receive and transmit antennas are denoted
by g € CV¥! and g,,; € CNtX1, respectively. Moreover,
hiy € C represents the channel between U$' and U}, while
Qun € CN"*Ne denotes the channel between the mth AP
transmit antennas and the nth AP receiver antennas. All
channels are assumed to be independent quasi-static Rayleigh-
faded, which remain constant during the coherence interval. A
unified representation of all channels is given as

a=(%, 2

where a € {f.1, fks mi> mi, hit}s Ca accounts for the
large-scale path-loss and shadowing, and a ~ CAN (0,1)
captures the small-scale Rayleigh fading, which remains un-
changed during one coherence interval.

During the channel training phase, each AP’s transmit and
receiver antennas operate in receiver mode. All UL and DL
users simultaneously send their assigned pilot sequences to
all APs. Let ¢ € C»*1 and ¢ € C™»*! be the pilot
sequences transmitted by U$' and U}, respectively. These
pilot sequences are pairwisely orthogonal, i.e., (qﬁ%l)H =0



TABLE I: Summary of CF FD channel estimation literature

. AP UE
Lit. FD [ UL [ DL | FD [ UL [ DL Methodology
[103]1 | v - - - v v
[105] | v - - - v v UL and DL channels are separately estimated at the APs using
[106] | v - - - v v TDD protocol and orthogonal pilot-based MMSE estimation.
[107] | v - - - v v
[104] | v - - - v v
[100] v - - - Ve v UL and DL channels are simultaneously estimated at the APs
[118] - v v - v v using orthogonal pilot-based MMSE estimation.
[117] - v v - v v

for k # k', (¢2)" ¢ = 0, and ()" @22 = 0 for | # I'.
This necessities 7, > K+ L. Moreover, ||¢t||2 = 1 for k € K
and ||@3||> = 1 for | € L. Thus, the received signal at the mth
AP transmit, Y! € CN+X7p and receiver, Y, € CNrx7p
antennas are given as

Y= Y (B0 Y s (68 W,

ek jec
(3a)
Y, = mbr Y b @) + Tp > gy (63 + W,
ek jeL
(3b)

where p, is the average pilot transmit power at each user,
while W! € CMeX™ and W’ € CN*™ are the AWGN
matrices having independent and identically distributed (i.i.d.)
CN(0,02) elements.

By projecting (3a) and (3b) onto ¢$* and ¢}, respectively,
the sufficient statistics for estimating f,,; and g,,; are

Yink = Yo @8 = /Tpbtbmk + Wiy, (4a)
y:nl = Y:n Ell = V/TpPt8mi + Wrmlv (4b)

where w! , = W! ¢ and w’ , = W ¢t From (4a), the

MMSE channel estimate of f,,,; is obtained as

R —1
foue = E{Eur (v0) "} (BAY i 0)™}) ot
= C%kyfnlw (&)
where

a _ VTP

Cmk = . (6)
g Tppthmk + U%u

Similarly, from (4b), the MMSE channel estimate of g,,; is
given as

~ H H
8mi = E{g'rnly:nl} (E{y'rrnl(y:nl) }) y:nl
= CotYmi> 9
where

ul vV TpPt Cgmz

ml — :
TpptCle + 0—’3)

®)

Since y!, and y’, are Gaussian distributed, f.5 ~
CN (0,73, Iy,) and g, ~ CN (0,421 Iy, ), where

T ptC2
dl p. fmk
A = k| (9a)
g TpPtC fonse 01211
T pt(:Qm
Vi = e (9b)
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Fig. 4: Normalized MSE versus the per-user average transmit power (p;) for M = 16,
Ny =N, =4 K=L=2and7, =K+ L.

Next, the channel estimation errors of f,,,; and g,,,; are respec-
tively given as €, 2 £, — .. ~ CN (0, (¢s,, — 735 )IN,)
and e;%l £ 8mi — Bml ~ CN (Oa (Cgmz - ’ﬁr%l)INp)' Owing to
the property of MMSE channel estimation, fmk ef&k, Emis
and e‘j,}l are independent [8].

The 3GPP UMi model is used to model the large-scale
fading C, for a € { fimk, Gmi, ki, Qmn } With f. = 3 GHz op-
erating frequency [119, Table B.1.2.1]. Moreover, the AWGN
variance is modeled as o2 = 10log,,(NoBN;) dBm, where
No = —174dBm/Hz, B = 10 MHz is the bandwidth, and
Ny = 10dB is the noise figure. Moreover, the APs are
uniformly distributed, while the users are randomly distributed
over an area of 400 x 400 m?.

The quality of channel estimators is assessed by the nor-
malized MSE, which is defined as

A 112
| E{ja—a)*}
Normalized MSE = ————~—~,
E { )|’}

where a € {f,x,gmi} and & € {fmk,gml}.

Figure 4 plots the average normalized MSE of the DL and
UL user channel estimates as functions of the average user
pilot transmit power, p;. As in conventional CF systems, the
normalized MSE of both DL and UL user channels decreases
with the per-user transmit power, improving the channel

(10)
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Fig. 5: Normalized MSE versus the pilot length (7,,) for M = 16, Ny = N, = 4,
K =L =2, and p, = 20dBm.

estimation quality. The key reason for this behavior is that
using orthogonal pilot sequences prevents pilot contamination
among DL users, DL-UL users, and vice versa. The transmit
power thus improves the received signal quality at each AP.

Figure 5 shows the average normalized MSE of the DL
and UL user channel estimates against the pilot length, 7.
The result reveals that longer pilot sequences result in more
accurate DL and UL user channel estimates. For example,
increasing the pilot sequence length from 7, = 5 to 7, = 30
can lower the normalized MSE by ~ 10%7 for the UL
user channels. The CF FD technical contributions can be
categorized into two parts: (i) Performance analysis and (ii)
Resource allocation.

B. Performance Analysis

The analytical performance evaluation is crucial in wireless
networks, as it provides insights into the system’s potential
and limitations. These approaches can determine the through-
put, delay, and error probabilities while considering practical
transmission conditions and processing overheads. Developing
such evaluations helps predict system requirements, estimate
computational costs, and assess the accuracy needed to meet
practical goals, such as ensuring the required QoS for ap-
plications. It also supports effective resource management by
facilitating optimal resource allocation.

For instance, a few CF FD performance analysis frameworks
are available [100], [105]. Reference [100] is the first paper
to analyze a general CF FD system. The APs use conjugate
beamforming and matched filtering to serve the DL and UL
users, respectively, with the CSI acquired via UL training
with orthogonal pilots transmitted from the users. It derived
closed-form expressions for the UL and DL rates with a finite
number of APs. Also, it proposed a simple power control
method to mitigate the residual SI by investigating the effects
of an infinite number of APs. Reference [105] investigated the
SE/EE of a general CF FD system with low-resolution ADCs

at the APs and DL users. The joint impact of residual SI, inter-
AP interference, UL-to-DL interference, pilot contamination,
and quantization noise was characterized by deriving closed-
form solutions for the UL and DL rates. It was shown that
increasing the number of receiving antenna arrays at the APs
may compensate for the UL SE loss caused by quantization
noise; however, increasing the transmit antennas is ineffective
in compensating for the DL spectral loss. Furthermore, the
effect of the ADCs’ resolution on the operating region of the
CF FD system and energy-spectral trade-offs are investigated.

Case study and discussion: We will now examine the
system performance for the configuration illustrated in Fig. 3,
utilizing the MMSE channel estimation outlined in Section
IV-A.

DL Data Transmission: The APs construct the precoders
using the channel estimates from the training phase to transmit
the information signals to the DL users. By applying conjugate
beamforming [120], the transmitted signal at the mth AP,
x4 ¢ CNex1 is given as

= VPIY M Bk (1

where pg is the maximum normalized transmit power at each
AP, N for m € M and k € K is the transmit power
allocation coefficient at the mth AP for U$, and ¢§* is the
symbols intended for U$, satisfying E{|¢{*|?} = 1. Each
AP must meet the average normalized power constraint, i.e.,
E{|x% >} < pa, which entails the following per-AP power
constraint:

N, ZkeK N3, <1, for m e M. (12)

Next, the signal received at U$' is given as
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1/2
+/Pu Zze,c P+ wit
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13)

UL-to-DL interference

where Kp = IC\k and w{t ~ CN(0,02) is the AWGN at
Ug. Moreover zt is the transmltted signal at U} and given
as 2}t = /pusiq;t, where p, is the average UL user transmit
power, ¢ is the power allocation coefficient at U}, and ¢}*
the message symbol of U,

UL Data Transmission: UL and DL transmissions occur si-
multaneously at the same time-frequency block; U} transmits
its signal to the APs, and the transmitted signal adheres to
the average transmit power constraint, E{|23*|?} < p,,, which



results in the per-user power constraint as 0 < ¢; < 1. The
signal received at the mth AP, y“m1 e CNrx1 g given as

Yim =D o 8mat ) e Qun X3! + Wi
= VDu ZZEC gleg
+\/pd ZnEM Zkel(: nnk anAnqu +Wl;r%u (14)

where wi is the AWGN vector with ii.d. CN(0,02) ele-
ments. To detect the message symbol transmitted by U}, the
mth AP multiplies the received signal y“! with the conjugate
of the channel estimate, i.e., ggl, and then sends the resulting
signal to the CPU.

Since the fronthaul links connect all APs to the CPU, the
inter-AP interference can be viewed as the virtual residual
interference (RI) of a virtual large BS with all transmit and
receive antennas collocated [100]. Hence, residual inter-AP
interference can be modeled similarly to the RI in FD systems
[100]. Thus, Rayleigh fading is used to model the inter-AP
interference channels, i.e., Q,,, is a matrix whose elements
are i.i.d. CN(0, 0510, ), where fg1 is the power of the RI
at each AP after the SI suppression.

The received signal from U}t at the CPU is given as
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where £; = L\l

DL SE Analysis: The DL users are unaware of the instanta-
neous channel coefficients without DL pilot transmission, and
thus, they rely on the statistical CSI for signal decoding [8].
To this end, the signal received at U§" (13) is rearranged by
leveraging the statistical CSI as follows:

= VBB i f )

Desired signal (DS$")
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(16)

UL-to-DL interference (UDIS)

The effective noise, i.e., the addition of BU, MUT, UDI4,
and AWGN, can be treated as the worst-case independently
distributed Gaussian noise in the sense of the central limit
theorem [8]. This approximation gives a tight achievable rate
bound [8]. Assume that the users only use statistical CSI,
hence, the signal-to-interference-plus-noise ratio (SINR) at
U$ is given as

DS |2

SINRS' = = o
E{|BU 2} + E{|IMUI |2} + E{|UDI |2} + 02,
(17

Next, by evaluating the expectation terms in (17), the closed-
form solution of the SINR at U$ is given in (18):

SINR{! =
N2 Z 1/2_ a1 2
PdiV¢ meM Tk Tmk

pdNt ZmEM 216](: nnLinrnk pmz + Pu ZZEL g—lch’kl + 0.3}
(18)

The SE of U$! is thus given as

St

2 1og, (1 + SINRE) (19)

where the pre-log factor (7, — 7,)/7. captures the effective
portion of the coherence interval for the data transmission.

UL SE Analysis: The CPU also uses the statistical CSI to
decode the data from the UL users. Rearranging the signal re-
ceived from U$* in (15) and following the same methodology
as in the DL SE analysis, the SE of U is expressed as

St =12 " 10g, (1+ SINR}) (20)
T

where SINR}! is the U SINR at the CPU, whose closed-form
solution is given in (21) at the top of the next page.

C. Resource Allocation

Spectrum, transmit power, bandwidth, and other resources
are limited. Hence, sharing these resources among multiple
users leads to resource allocation problems. Hence, optimal re-
source allocation is crucial from both theoretical and practical
perspectives. Since wireless users may have different require-
ments and priorities, and wireless networks can be of various
types (e.g., commercial networks, such as Wi-Fi and long
term evolution (LTE), sensor networks, and energy harvesting
networks), there is no one-size-fits-all solution. Therefore, the
type of resource allocation is application-dependent. However,
while some wireless application problems are amenable to
standard resource allocation strategies, others need specialized
solutions tailored to specific needs.

CF FD resource allocation has its challenges, particularly
in managing SI and inter-AP interference, which cannot be
entirely eliminated. Consequently, the residual SI must be
considered when assigning wireless resources (time, power,
and frequency channels) to users. Resource allocation schemes
have been developed to address this issue [102]-[104], [107]-
[109], [111].

Reference [102] investigated a CF FD system for improved
SE and EE. The authors proposed a SE and EE maximization
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problem by jointly optimizing power control, AP-user asso-
ciation, and AP selection. Furthermore, the realistic power
consumption model, which accounts for data transmission,
baseband processing, and circuit operation, was used to char-
acterize the EE performance. References [103], [107] studied
the EE maximization of a CF FD system with limited-capacity
fronthaul links via the DL and UL power control. In [103], a
two-layered approach was employed, where it first formulated
the optimization as a generalized convex program and then
solved it either centrally or decentrally using the alternating
direction method of multipliers. Reference [104] proposed a
virtual FD approach for CF, where IBFD is virtually imple-
mented by using the existing HD APs without SI-suppression
hardware. It developed a mixed-integer problem to maximize
the sum SE by jointly designing the AP mode assignment and
power control.

Reference [108] proposed a joint beamforming design for
access and fronthaul links in a user-centric network with FD
fronthaul. By accounting for the power consumed by SIC at
FD APs, the proposed optimization scheme maximized the
network EE while ensuring fronthaul rate requirements. In
[109], the UL/DL SE of a CF FD system was investigated
with estimated effective DL channel, ADC/DAC impairments
at the APs and the users, and spatially-correlated Ricean
channels. The authors maximized the non-convex global EE
metric using the block minorization-maximization technique,
which decomposes the problem into several convex surrogate
sub-problems. Reference [111] investigated a FD CF non-
orthogonal multiple access (NOMA)-assisted space-ground
integrated network, which employs spectrum sharing between
the satellite and terrestrial networks to improve the SE. The au-
thors proposed a sum-rate maximization scheme that optimizes
the power allocation factors of the NOMA DL, the UL transmit
power, and both the satellite and AP beamformer. Reference
[121] studied the UL/DL transmit power minimization to
maximize the SE and EE of a CF FD system over Ricean
fading channels under SI and inter-AP interference at APs,
UL-to-DL interference at DL users, and low-resolution ADCs
at both APs and DL users. Table II provides a summary of
the existing literature on CF FD communication.

Case study and discussion: Power allocation is now
presented for the CF FD system in Fig. 3.

1) Transmit Power Control: The spatial distribution of
the (UL/DL) users causes the near-far effect, which affects
the achievable rates. Nonetheless, max-min transmit power
control, optimal for user fairness in mitigating the near-far
effect, can provide uniform QoS to all users, as in conventional
CF systems. To this end, for a given realization of large-
scale fading, the UL and DL power control coefficients can be
found, i.e., N,k and ¢, that maximize the minimum of all UL
and DL user rates, respectively, under the relevant constraints.
Since the UL and DL transmissions occur concurrently, the

multi-objective optimization technique must be invoked [122].
Besides, since the rates in (19) and (20) are monotonically
increasing functions of their arguments, i.e., SINR{' and
SINR}!, they can be equivalently replaced with SINR terms in
(18) and (21), respectively. By introducing a common SINR,
A, for the UL and DL users and defining the slack variables
A 1/2 A 1/2 S Lo
Hmk = N, and o = ¢ '7, a multi-objective optimization
problem (MOOP) is formulated as follows:

P1: max (Ag)"4(A\y)® = A (22a)
mksXL
st (SINREH)™ (SINRFM)™™ > A, (22b)
N> Bt < 1, (22¢)
kel
0 < Bmk <1, (22d)
0<a <1, (22¢)

where wy and w, are the priorities assigned for the DL
and UL users, respectively. The main SINR constraint (22b)
in P1 is quasi-concave [5]. The underlying optimization
problem is also quasi-concave [5]. Hence, P1 is amenable to
a bisection search, solving a sequence of convex feasibility
problems in each iteration. Algorithm 1 gives the details.

a2 a1 [puydl o ul A
Moreover, vi© = [ Nevii, pde,\ﬂ%} and vj* =
ul  [paNiOsiul oy yul
[\/erll A P Vi, \/EVB] , Where

vl & [uum, e 7/~LMK\/CfT’anl,k} e RME (23a)
vis 2 a1y, 00V | € RE, (23b)
and
vip £ {au/ Con P+ 5 0L chn;;%l] eRME, (24a)
v 2 111/ Cou it s o B
~-7#MK\/CQMMV%M‘3§4 eRME, (24b)
vid & {\/ﬁ\/ﬁ} c RM. (24¢)

Note that P1 is inherently a MOOP as it aims to jointly
optimize the UL and DL user rates, which are interdependent
due to mutual interference. To address this, we employ a
scalarization technique using a weighted product of the UL and
DL SINR terms, i.e., (Ag)"?(Ay,)"*. This formulation enables
a trade-off between the two objectives while transforming
the MOOP into a single-objective problem for traceability.
Although this approach deviates from the traditional Pareto-
optimal MOOP structure, it aligns with well-established multi-
objective optimization methodologies [122].

Equal DL and UL priorities are set for max-min rates, i.e.,
wyg = w, = 1. Equal power allocation is set at the APs,



TABLE II: Summary of CF FD performance analysis and resource allocation literature

. Setup Channel . T
Category Lit. AP [ UL UE [ DL UE | Estimation Technical Contribution
Closed-form solutions for UL/DL SE to characterize the joint
[105] | FD HD HD Separate effect of residual SI, inter-AP interference, UL-to-DL
interference, pilot contamination, and quantization noise.
Closed-form expressions for the UL and DL achievable rates
Performance | [100] | FD HD HD Simultane- using conjugate beamfonnlr_lg with a ﬁmt.e number pf APs. A
. ous power control method to mitigate the residual SI with a large
analysis
number of APs.
Heap-based Maximizing the SE and EE by jointly optimizing power
[102] | FD HD HD pilot control, AP-user association, and AP selection under a
assignment realistic power consumption model.
TDD-based Weighted sum EE maximization via DL and UL power
[103] | FD HD HD orthogonal control utilizing a two-layered approach with limited-capacity
pilots fronthaul links.
Slm(t)lllltsane- DL and UL SE maximization via a mixed-integer
[104] | FD HD HD optimization problem that concurrently designs the AP mode
orthogonal . . .
pilots assignment and power control with a virtual FD mode at APs.
TDD-based Weighted sum EE maximization through DL and UL power
[107] | FD HD HD orthogonal control and a successive convex approximation framework
pilots with limited-capacity fronthaul links.
Resource EE maximization of a user-centric network with FD fronthaul
allocation [108] | FD - HD - by designing beamforming for access and fronthaul links
while ensuring fronthaul rate requirements.
Global EE maximization using the minorization-maximization
TDD-based . . . .
[109] | FD FD orthogonal technique, accounting for RF 1mpa1rments at the APs and
ilots UEs, ADC/DAC resolutions, and spatially-correlated Ricean
P channels.
Sum-rate maximization of a CF FD NOMA -assisted
TDD-based space-ground integrated network by optimizing the NOMA
[111] | FD | HD HD orthogonal pace-g eral y optimizing
ilots DL power allogatlon factors, UL tra.nsmlt power, and
P beamforming at both the satellite and APs.
UL/DL transmit power minimization over Ricean fading
TDD-based . .
(1211 | FD HD HD orthogonal channels under SI and inter-AP interference at the APs,
ilots UL-to-DL interference at DL users, and low-resolution ADCs
P at both APs and DL users.

ie, Mmr = 1/K for m € M and k € K. Moreover, full
power transmission at the UL users, i.e., ¢ = 1 for [ € L,
is considered to evaluate the performance of our proposed
power control method (Algorithm 1). Monte-Carlo simulated
user SEs are also superimposed on each curve to validate the
derived analytical expressions. Moreover, let 855 = —70dB.

Figures 6 and 7 plot the DL SE and the UL SE, respectively,
as functions of the respective transmit powers, i.e., per-AP
DL transmit power, pq, and per-user UL transmit power, p,,.
The two figures reveal that when equal power distribution is
used at APs and UL users, the DL and UL users experience
distinct rates. Clearly, the near-far effect caused by the spatial
distribution of users and APs has a detrimental impact on the
user SEs. However, with the proposed max-min power control,
all the DL and UL users, regardless of their location, attain
their respective common rates. The proposed scheme thus can
guarantee uniform QoS for all user nodes.

Figure 8 depicts a comparison of the sum SE for FD
and HD CF mMIMO as a function of the transmit power
(pa = pu) and SI suppression factor (6sr). The HD CF
system operates in TDD mode to facilitate the UL and DL
transmission, eliminating the requirement for SIC compared
to the FD counterpart. Thus, HD CF SE is independent of the
SI suppression factor. The figure reveals that the FD system

has a significantly higher cumulative SE than an equivalent
HD system, given that the SI suppression is sufficient, i.e.,
fs1 < —40dB. On the other hand, with weak SI suppression,
fs1 > —40dB, the SE benefits obtained by the CF FD system
through the FD transmissions completely vanish. Furthermore,
despite the substantial RI suppression, i.e., fs; < —40dB, the
FD sum SE does not double compared to the HD as predicted
by theoretical analysis. This is primarily due to the UL-DL
interference encountered by the DL user in the CF FD system,
which cannot be mitigated by SI suppression at the APs.

V. CELL-FREE NETWORK-ASSISTED FULL-DUPLEX
COMMUNICATION

While CF FD networks support simultaneous UL and DL
transmissions over the same time-frequency resources, they
suffer from increased interference in both directions due to
concurrent transmissions. Additionally, equipping a large num-
ber of APs with FD transceivers imposes significant costs on
service providers and increases the overall power consumption
of the network. The increase in the power consumption is
driven by the energy-hungry SIC circuits at the APs, as well
as the power demands on the fronthaul links, since all APs
simultaneously use these links to transmit and receive data
payloads from the CPU. To address these challenges, the



Algorithm 1 : Bisection algorithm for solving P1.

Initialization: Select the initial values of An;, and Ajpax,
where A, and A .y define a range of P1. Choose a
tolerance € > 0.

Repeat
Step 1: Set A\c = (Amin + Amax)/2-

Step 2: Solve the following convex feasibility problem:

Vel < e (5 i), for ke

c meM
Vit < \/% < St ), for €L,

¢ me 25
Ny Yo p2p8 <1, for meM, =

e

0<Bmr <1, for meM and ke,
0<oy<1, for leL.

Step 3: If problem (25) is feasible, then set A\p,i, = A, else
set Amax = Ae-
Until A\ 2y — Amin < €.
Output: The optimized power allocation coefficients, 7, =
p2, forme M and k € K and g = of for [ € L.
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Fig. 6: DL SE versus the transmit power for M = 16, N = N, =4, K = L = 2,
and 7, = K 4 L.

concept of CF NAFD was first introduced in [101], where
HD APs were used to support both UL and DL transmissions.
The key concept behind CF NAFD is to virtually realize the
functionality of a CF FD network by using HD APs [101].
This approach offers an opportunity to efficiently manage
the interference and reduce the high energy consumption
associated with FD transceivers and fronthaul links while
still capitalizing on the benefits of simultaneous UL and DL
transmissions across the network.

A NAFD architecture shows similarities to established
topologies, such as dynamic-TDD [123]-[125], dynamic UL-
DL configuration in time-division LTE [126], coordinated mul-
tipoint for wireless IBFD (CoMPflex) [127], and bidirectional
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Fig. 7: UL SE versus the transmit power for M = 16, Ny = N, =4, K = L = 2,
and 7, = K 4 L.
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Fig. 8: A comparison of the sum SE of FD and HD CF mMIMO with transmit power
allocation for M = 16, Ny = N, =4, K = L =2,and 7, = K + L.

dynamic networks [128], which were proposed to manage the
asymmetric UL-DL data traffic in wireless (cellular) networks.
In dynamic TDD, a particular time slot can be assigned
dynamically for reception or transmission based on the UL-DL
traffic demands in each cell. However, this approach does not
completely address the diverse data needs within the cells,
as UEs assigned a DL (UL) time slot in a cell must wait
for the UL (DL) time slot to transmit their data. Moreover,
the effectiveness of the dynamic TDD is constrained by inter-
BS interference and the need for strict synchronization among
cells, which necessitates cell cooperation, causing significant
overhead and complexity. The reasoning for implementing the
dynamic UL-DL configuration in time-division Long Term
Evolution is to ensure that different small cells within diverse
cellular networks can support transmission in opposite direc-



tions [126]. CoMPflex, which is motivated by the coordinated
multipoint concept in cellular networks, involves emulating an
FD BS and using two spatially separated and coordinated HD
BSs [127]. In bidirectional dynamic networks, the number of
UL and DL remote radio heads is adjusted flexibly to facilitate
simultaneous UL and DL communications [128].

In this context, NAFD systems offer several advantages over

the conventional CF FD counterparts:

o The NAFD framework eliminates the SI within the APs,
simplifying the transceiver design and avoiding the need
for power-hungry SIC circuits.

e Some APs will handle UL transmission, while others
will manage DL transmission, significantly reducing the
fronthaul data traffic and associated energy consumption.

o The flexible adjustment of the UL and DL modes at the
HD APs can efficiently cope with the inter-AP interfer-
ence (a main bottleneck in CF FD systems) and, at the
same time, can accommodate the increasing time-varying
traffic asymmetry between the UL transmission and DL
reception for 6G wireless.

These benefits have driven the application of the NAFD
concept in CF systems to enable simultaneous UL and DL
communications on the same frequency band.

A. Channel Estimation

To fully leverage the benefits of CF NAFD systems, accurate
CSI is essential at both the CPU and terminals, to address the
following aspects:

e The CPU requires CSI between the APs and terminals
to design beamforming and receivers. This CSI can be
obtained through pilot training under the TDD protocol,
similar to conventional FD and HD CF networks.

o In NAFD-distributed massive MIMO systems, the si-
multaneous DL transmission and UL reception cause
inter-AP interference, as the DL transmissions interfere
with the UL reception. This interference remains the
primary factor limiting the UL SE. Therefore, effective
interference cancellation is essential for enhancing the UL
SE in NAFD-distributed mMIMO systems. To this end,
the estimation of the interference channel matrix between
the DL-APs and UL APs is necessary.

Although the two CSI requirements mentioned are similar to
those in conventional CF FD networks, there is a key distinc-
tion in NAFD systems from a channel estimation perspective.
In CF NAFD systems, each terminal is usually served by a
subset of nearby APs, weakening the channel hardening effect.
Consequently, the DL terminals must estimate the CSI between
themselves and the DL-APs directly, rather than depending on
statistical CSI.

Li et al. [129] proposed a method to estimate the ef-
fective CSI-specifically, the inner products of beamforming
and channel vectors-through a beamforming training scheme.
This approach allows the CPU to estimate the effective CSI
between the DL APs and UL APs, while the DL users can
estimate the effective CSI between DL APs and themselves.
Under this approach, they derived closed-form expressions
for the UL and DL achievable rates with various receivers

and beamforming strategies. Based on these expressions, they
developed an efficient power allocation scheme that depends
only on slowly varying large-scale fading, framed within a
multi-objective optimization perspective. Note that the channel
estimation proposed in [129] applies to systems with fixed
AP modes. However, in dynamic NAFD systems, where the
AP operation mode is designed based on UL and DL traffic,
the inter-AP DL-to-UL channel estimation method in [101]
becomes infeasible.

B. Performance Analysis

In [101], the SE of a CF NAFD network was analyzed
for imperfect CSI and spatial correlations. By applying large-
dimensional random matrix theory, deterministic equivalents
for the sum rate were derived for both UL, using an MMSE
receiver, and DL, employing regularized zero-forcing (RZF)
and zero-forcing (ZF) precoders. The authors identified inter-
AP interference (between DL and UL APs) and inter-user in-
terference (UL-to-DL interference) as the primary bottlenecks
in system design. In a static scenario, where the APs have fixed
operational modes (either UL or DL), they assumed that inter-
AP DL-to-UL channels could be estimated using pilot signals
with minimal overhead due to the quasi-static nature of the
links. To mitigate the UL-to-DL interference, they proposed a
user scheduling scheme.

In [101], a fixed network configuration for APs was con-
ceived, where certain APs are designated for UL transmis-
sion and others for DL transmission. However, in dynamic
scenarios with time-varying traffic asymmetry between DL
transmission and UL reception, static configurations limit
the full potential of the NAFD concept. In these cases,
dynamically adjusting AP operation modes to balance UL
and DL transmissions would better harness NAFD’s advan-
tages. To address this shortcoming, the authors in [130]
developed a comprehensive performance analysis framework
under dynamic AP mode selection, offering both SE and EE
analysis. They derived closed-form expressions for the UL
and DL SE, assuming maximum ratio combining (MRC) and
maximum ratio transmission (MRT) processing at the APs
and DL UEs, while accounting for large-scale fading decoding
(LSFD) coefficients in the UL. Additionally, they introduced a
total power consumption model that incorporates the fronthaul
power consumption.

C. Resource Allocation

Selecting the operation mode of APs (i.e., UL or DL)
introduces an additional degree of freedom in NAFD systems
compared to their FD counterparts. As a result, beyond the
design parameters in CF FD systems—such as power control
at the APs and UL users, and LSFD design at the CPU—the
operation mode of the APs can also be optimized to meet
the network requirements. Recent studies revealed that inter-
AP interference becomes more manageable under a flexible
UL/DL operation mode assignment at the HD APs. Zhu et
al. [131] proposed a duplex mode selection algorithm based
on parallel successive convex approximation, along with a
reinforcement learning algorithm based on Q-learning, aiming



at maximizing the user sum rate. Chowdhury er al. [117]
formulated the AP-scheduling problem as one of maximizing
the sum UL-DL SE, by considering MRT/RZF precoding in
the DL and MRC/MMSE in the UL based on the locally
estimated channels. They proposed a greedy algorithm for
dynamic AP-scheduling, where, at each step, the transmission
mode of the AP that maximizes the incremental SE is added
to the already scheduled AP-subset. Moreover, an iterative
pilot allocation algorithm, based on locally estimated chan-
nel statistics at the APs, was developed. Sun er al. [132]
proposed a “preallocation—optimization” mechanism for AP
duplex mode optimization, where the preallocation part and
the optimization part can help CF NAFD networks effectively
handle the time-varying active UEs and network load in
massive Internet of Things (IoT) scenarios. The preallocation
part involves a network load prediction algorithm based on
an autoregressive integrated moving average model, ensuring
accurate load forecasting and efficient preallocation of re-
source blocks. In the optimization part, deep reinforcement
learning-based and hierarchical reinforcement learning-based
AP duplex mode optimization algorithms were developed to
solve the multi-objective optimization problem of AP mode
optimization. While the proposed algorithms offer improved
performance compared to fixed duplex mode networks, some
users’ UL and DL SE are still compromised due to inefficient
resource allocation.

The flexibility of NAFD design has been leveraged for
secure transmission. Specifically, Xia et al. [133] focused on
the joint design of transmit information vectors, artificial noise
covariance matrices, AP mode selection vectors, and receiver
vectors. Their goal was to maximize the secure DL and UL
transmission rates while adhering to the sum transmission
power constraints at the APs and UL users.

Another line of research has integrated QoS requirement
constraints for UL and DL users into the AP mode assignment
problem, making the associated optimization challenge more
complex [130], [134]-[136]. More specifically, Xia et al. [134]
considered the SE maximization problem in NAFD systems,
where the APs operate in either FD mode or HD mode.
By considering the QoS requirements of both the UL and
DL users, along with fronthaul capacity constraints, they
investigated the joint user selection and transceiver design.
Xia et al. [135] addressed the EE maximization problem
for a CF system with NAFD, considering QoS requirements,
transmit power constraints, fronthaul capacity constraints, and
energy harvesting constraints. In [134], [135], the operation
mode of the APs is fixed, leaving the potential of dynamic
network configuration unexplored.

Zhu et al. [136] proposed a load-aware dynamic mode
selection scheme for the APs, aiming to maximize the UL-DL
sum-rate of the network while considering the per-user traffic
load. They investigated centralized Q-learning and distributed
multi-agent Q-learning algorithms with varying complexities,
demonstrating that the former is more suitable for real-
world applications due to its smaller storage unit and lower
complexity. The proposed algorithms in [134]-[136] rely on
instantaneous CSI at the APs and CPU, thereby imposing
high overhead and complexity on the system. To tackle this
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Fig. 9: CF NAFD system with HD and FD APs.

issue, Mohammadi et al. [130] proposed a joint AP mode
assignment, power control, and LSFD design algorithm to
maximize the SE and EE. Their results in [130] confirmed that
by optimizing the operation mode at the APs, the EE of CF
NAFD systems achieves up to a two-fold improvement over
CF FD systems. Vu et al. [137] proposed a multipair decode-
and-forward CF NAFD relaying system, where the APs with a
DL mode serve destination nodes and those with a UL mode
serve source nodes, at the same time. A joint optimization
approach to design the AP mode assignment, power control,
and LSFD weights was proposed, which maximizes the sum
SE of transmission pairs, under per-pair SE requirements.

Building on the CF NAFD concept, AP mode selection
has been incorporated into SWIPT-enabled CF systems [138],
[139] and CF surveillance networks [140]. In these scenarios,
two distinct groups of APs are designated to carry out sep-
arate functions simultaneously over the same time-frequency
resources.

Case study and discussion: Consider a CF NAFD system
consisting of M APs serving L UL UEs and K DL UEs, as
illustrated in Fig. 9. We define the sets M = {1,..., M},
K2 {l,...,K}and £ £ {1,...,L} as the collections of
indices for the APs, DL UEs, and UL UEs, respectively. Each
AP is connected to the CPU via a high-capacity fronthaul
link. The DL and UL transmissions occur within the same
time-frequency block, facilitated by both HD and IBFD APs.
Each UE is equipped with a single antenna, while each AP
has N transmit and N receive RF chains. The HD APs are
dynamically assigned as DL APs or UL APs to support the
respective transmissions.

In Fig. 9, the three ellipses represent different groups
of network nodes for clarity. In particular, the blue ellipse
encloses the UL UEs, which communicate with the UL APs.
The green ellipse represents the DL UEs, which receive data
from the DL APs. The red ellipse groups all APs, including
the FD APs and HD APs. These visual groupings illustrate
the network topology and interactions between different com-
ponents, thereby enhancing the understanding of the system
architecture.

The channel coefficient vector between the k-th DL UE,



TABLE III: Summary of CF NAFD literature

AP UE

Lit.

Technical Contribution

Category FD [ UL [ DL

FD [ UL | DL

Performance (101] - v v - v

Analysis

Sum-rate analysis for UL with MMSE receiver and
v DL with RZF and ZF precoders under fixed AP
mode of operation.

[130] - v v - v

SE and EE with MRC/MRT processing under flexible

v AP modes of operation.

Channel

Estimation 1291 | v v v ) v

Beamforming training scheme to estimate the
effective CSI between the DL APs and UL APs at
CPU as well as effective CSI between DL APs and

DL users.

[117] - v v - v

v Development of a greedy-based AP mode selection
algorithm for sum UL-DL SE maximization.

(1311 | - v v - v

AP duplex mode selection for sum-rate maximization
v with successive convex approximation and a
reinforcement learning algorithm.

[132] - v v - v

AP duplex mode optimization, aiming to address the
v dynamic massive IoT scenarios and achieve a balance
between SE and resource utilization.

[133] v v v - v
Resource

Joint AP duplex mode and transceivers optimizing to
v maximize the overall secrecy SE with artificial noise
transmission.

Allocation
[134] v v v - v

Maximizing the SE and number of serving UEs
v under the QoS requirements of UL and DL UEs,
with fixed AP mode of operation.

[135] | vV v v - v

Joint strategy of EH, fronthaul compression, and CLI
v cancelation to maximize the EE under fixed AP mode
of operation.

[136] - v v - v

Load-aware dynamic mode selection scheme of APs
v based on centralized Q-learning and distributed
multi-agent Q-learning method.

[130] - v v - v

v Joint AP mode selection, power control, and LSFD
design to maximize SE and EE.

[137] - v v - v

Multipair decode-and-forward CF NAFD relaying
system.

U4, (I-th UL UE, U™) and the m-th AP, f& e CNx!
@ € CNY, vk € K, 1 € L, m € M, is modeled

as £, = \/C;,lnkf'gllka (g1 = v lgl,];llg‘;r:LLl)’ where C}ilnk
(Cy ) is the large-scale fading coefficient and fi, e CcNx1
(8%, € CN*1) is the small-scale fading vector whose elements
are i.i.d. CN(0, 1) random variables (RVs). The channel gain
between the UL UE [ to the DL UE k is denoted by hy;.
It can be modeled as hy = (Cgil)I/ZEkl, where (i is
the large-scale fading coefficient and Ay is a CA/(0,1) RV.
Finally, the interference links among the APs are modeled as
Rayleigh fading channels. Let Q,,; € CV*N, i #£ m, be
the channel matrix from AP m to AP ¢, Vm,i € M, whose
elements are i.i.d. CA/(0, (g,,,) RVs. Here, Q. Vm denotes
the SI channel at the IBFD APs, whose elements are i.i.d.
CN(0,¢q,,.. = 0s1) RVs.
DL Data Transmission: The signal received at U is

H
= VIS, o (E5) " Vil
— arn \H a1 a1
VP Zme./\/l Zk'elc \g Ak’ (Fk) Vinks sk
+ D e+ wi (26)

where p,; denotes the normalized DL SNR, a,, denotes the
binary AP mode assignment variable with a,, = 1 indicating
that AP m operates in the DL mode; p,,,, denotes the power

control coefficient at AP m corresponding to U$t, vil, €

CN*1 s the precoding vector at AP m for DL UE k, s$' ~
CN(0,1) denotes the intended symbol for U, while wit ~
CN(0,1) is the AWGN at DL UE k. Note that the third term
in (26) is the cross-link interference (CLI) caused by the UL
UEs due to concurrent transmissions of DL and UL UEs over
the same frequency band, while 2}}* denotes the transmit signal
from the U}'. We assume that AP m uses the available CSI to
locally form the MRT precoding vector for DL UE k € W3
dl,MR _ 241
as v, =15,
With MRT precoding, the achievable DL SE at the k-th DL
UE is given by

Sit(a, p,6) =
Te — T, Ny, iy )?
=8 Jog, (1 N Pd(zm%\:(“ x /;) K Ymk) ) e
where

Ulp.s.a) =pay_ D Nampn i (h,
+ouY s, A L

Moreover, a 2 {a,,}; 2 {ftmr} denote the DL power
control coefficients at AP m € M towards U, Vk € K; ¢ £
{1}, present the UL power control coefficients for U, VI €
L; p, denotes the normalized UL SNR; +3%, is the variance
of the MMSE estimate of 2, i.e., f'gllk ~ CN(0,73, Iy).

(28)



UL Data Transmission: The transmit signal from UL UE /Z is
represented by 2§ = /pucgsyt, where st (with E {|s3H[?} =
1) and p, denote the transmitted symbol by UM and the
normalized transmit power at each UL UE, while ¢, is the
transmit power control coefficient at U}‘l with 0 < ¢y < 1, VL.

The received signal yi* € CV*! at AP m in the UL mode
can be written as

ul ~ ul _ul
Yo = VPup e VOmSi8misi
dl dl
+ 4/ 5 E v bma 1 AT
Pd ieM\m rek m zNsznn ikSk
Intra-AP interference

+ V/Pd ZkEIC V bmamﬂkammV%kszl +v bmwﬁa

Inter-AP (SI) interference

(29)

where b, denotes the binary AP mode assignment variable
with b,, = 1 indicating that AP m operates in the UL
mode and w2 is the AWGN vector with CA/(0, 1) distributed
elements. In (29), the second term captures the interference
from APs transmitting towards DL UEs, and the third term
represents the SI term wherever AP m is FD-enabled (i.e.,
bma, = 1).

In order to improve the achievable UL SE, the signals
forwarded to the CPU from the UL APs m, corresponding
to UE [, are further multiplied by the LSFD weight o,
Vm, . The aggregated received signal for UL UE ¢, V¢ with
|tmi]|? < 1,¥€,m at the CPU can be written as

ul ul \H_ ul
r = (0% \ Y-
0 E mem ml ( mé) m

Finally, s3' is detected from rj'.

We assume that MRC is performed at the IBFD/UL HD AP
aLMR _ g:l and data is transferred to the CPU for UL
data reception. The achievable UL SE for the /-th UL UE at
the CPU is given by

(30)

Te—Tp

log,(1+SINR (a, b, s, u, a)),
(€29)

St (a,b, s, p, o) =
where b £ {b,,} and
SINR! (b, s, u, ) =
2
Pu (ZmeMNaml V bmgl')/;g'l)

Dy(b, S, 11, @) + pa D pg Do gex GiltiyVig Vii(b, @)’
(32)

where 2, is the variance of the MMSE estimate of g?), and

ml

q)l(bv Ca u’v a) = p“ ZmGM leeﬁ (Naznlbmgl/v?ilcj‘;il’

+ NaZ b i), (33)
Vi(b,a)=)  Nagbm g, (33b)

Power consumption: Let P, and F;, be the power con-
sumption for transmitting signals and the required power
consumption to run the circuit components for the UL trans-
mission at U‘lll. Moreover, assume that P ) denotes the

power consumption to run the circuit components for the DL
transmission at U$'; Py, is the power consumed by the
fronthaul link between the CPU and AP m. Therefore, the total
power consumption over the considered CF NAFD system is
modeled as [120], [141]

Pow =), (Pt PR+, Pn
+ Zkelc Poy + ZmeM Pon,m,

where P,, denotes the power consumption at AP m that
includes the power consumption of the transceiver chains and
the power consumed for the DL or UL transmission. The
power consumption P, can be modeled as [130]

(34)

1

P, (a,b,0) = c

de}QL (N ZkEIC Vfr}kﬂmk) + amNPcdl,m
+ mePcul,ma (35)

where 0 < (,, < 1 is the power amplifier efficiency at the
m-th AP, U% is the noise power; FPeg1 ,, and Py, is the
internal power required to run the circuit components (e.g.,
converters, mixers, and filters) related to each antenna of AP
m for the DL and UL transmissions, respectively. The power
consumption at U is given by

1

Py = —puoic, (36)
X

where x is the power amplifier efficiency at UL UEs.
The power consumption of the fronthaul signal load to each
AP m is proportional to the fronthaul rate as [120]

th,m = amPfdl,m + meful,m + Rmet,ma (37)
where P ., is the traffic-dependent fronthaul power (in Watt

per bit/s) and R,, is the fronthaul rate between AP m and the
CPU, given by

— ul
R,, = B(am Zeeg S (b, s, 1, @)
d1
+ bm Zk‘GK Sk (a,u,g)).

By substituting (35), (36), and (37) into (34), we have
N 072

Piotar (a, b; S, M, a) = Z % (ZkGIC V%kﬂmk)

meM m

2
w0y,
+ Zéeﬁ P X Se + Py tixed + BinPot,m
+ ZmGM am(NPcdl,m + Pfdl,m)
+ Zme/\/{ bm(NPcul,m + Pful,m)a (39)

(38)

where Py tixeq £ Yoner Poe+ 2 ek Pok

System design: The AP mode assignment problem involves
determining the UL and DL mode assignment vectors (a, b),
the power control coefficients (s, ), and the LSFD weight
vector . The objective is to maximize the EE of the CF
NAFD while adhering to constraints on the per-user SE, the
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Fig. 10: Average EE versus S = S for different values of M (MN = 80,
K =1L=4,p,=02Watt, pg = 1 Watt, 03, ,,, /o> = 50 dB, B = 50 MHz).

transmit power at each AP, and the UL UE. More precisely,
the optimization problem is formulated as

» Rn(a,b,g,p,a)

P2 B b o) O
st Si(b,s,p,a) > 8%, Vi, (40b)
St(a,p, ) > 8%, Vk, (40¢)

> rerlY Vi Omk < m, (40d)

la|? < 1,6, m, (40¢)

A, b € {0, 1}, (401)

0<g¢ <1,V (40g)

where S2 and 83, are the minimum SEs required by the U}t
and U, respectively, to guarantee the QoS in the network.
Moreover, constraint (40d) is the per-AP transmit power
constraint.

Figure 10 compares the average EE performance of CF
NAFD and conventional CF system designs as a function of
S$ = 84 and M, with the number of service antennas kept
fixed at M N = 40. The path-loss model from [142] has been
considered, and the parameters of the power consumption are
set according to [130, Table II]. It can be observed that NAFD
satisfactorily supports the SE requirements of both UL and
DL UEs, while both the FD and HD setups fail to meet SE
requirements greater than 1.2 [bit/s/Hz].

VI. CHALLENGES AND FUTURE RESEARCH DIRECTIONS

This section addresses open challenges, trends, and the
potential use of CF FD with other wireless technologies.

A. mmWave Communications

With its wide frequency spectrum (30-100 GHz), mmWave
communication offers significantly higher capacity than cur-
rent WLANSs and cellular systems, making it a key technology

for next-generation wireless networks [143]-[145]. However,
mmWave signals face extremely high path loss due to foliage,
atmospheric absorption, rain fading, and obstacle sensitivity,
which lowers the received SINR. To compensate and achieve a
sufficient link budget, dense antenna arrays with joint transmit-
receiver beamforming are needed to provide substantial di-
rectional gains. Fortunately, the small mmWave wavelength
allows large antenna arrays to be packed into compact devices.
Additionally, unlike omnidirectional transmissions that create
widespread interference, directional transmissions inherently
limit interference to fewer nodes.

Nevertheless, recent advances in mmWave communication
— including digital/analog beamforming with dense antenna
arrays and fewer RF chains — now enable mmWave FD com-
munication by overcoming significant path loss and achiev-
ing sufficient link margin [146]-[148]. While conventional
sub-6 GHz FD techniques cannot be directly applied due
to fundamental differences (e.g., propagation characteristics,
hybrid beamforming, wide bandwidths, high sampling rates,
and beam alignment), novel transmission strategies have been
developed to explore the feasibility of mmWave FD systems
[146]-[152].

However, traditional cell-based mmWave FD systems can-
not meet the growing communication demands [153]. Integrat-
ing mmWave with CF FD technology offers a promising path
for next-generation wireless networks. The macro-diversity
gains from distributed APs help overcome mmWave’s limited
coverage, while flexible duplex modes and efficient bidirec-
tional communication are enabled through CLI cancellation
[101]. Additionally, hybrid analog-digital beamforming can
offset the significant free-space path loss at higher frequencies
[153], making this integration a key enabler for advancing
next-generation wireless capabilities.

Few studies have explored the viability of mmWave CF
FD communication [154], [155]. Reference [154] examined
a mmWave CF NAFD system, proposing cooperative resource
allocation and beamforming with location-aided channel es-
timation to minimize inter-user interference. Specifically, it
leveraged LoS-dominated channels by reconstructing inter-
user channels from user locations, enabling joint AP mode
selection and beamforming. Reference [155] investigated a
mmWave CF NAFD system with DAC quantization and fron-
thaul compression, focusing on weighted UL and DL sum rate
maximization through joint optimization of remote antenna
transmit power, UL user power, and fronthaul compression
noise variance.

B. UAV Communications

UAVs, also known as drones, have caught the attention
of the research community recently due to their autonomy,
flexibility, and wide range of applications, including mili-
tary, surveillance and monitoring, telecommunications, med-
ical supply delivery, rescue operations, and more [156]-
[159]. Although traditional UAV-centric research focuses on
enhancing control and autonomy due to robotics or military
applications, UAV-assisted communications, i.e., flying BSs or
mobile relays, have recently emerged [156]-[159]. In such



cases, UAVs serve as aerial communication platforms, pro-
viding/improving communication services to ground targets
in high traffic demand and overloaded situations. Due to the
high altitude of UAVs, there is a greater likelihood of LoS
links between the ground UEs and APs, resulting in improved
channel quality compared to terrestrial networks.

Recent UAV research has focused on integrating FD
transceivers in UAV networks [158]-[165] and CF UAV
communication [166]-[172] to improve the SE. While these
approaches have been studied separately, combining UAVs
with CF FD technology presents a promising yet unex-
plored research direction for enhancing UAV network per-
formance. However, FD communication in low-altitude 3-D
coverage scenarios is challenging due to increased UL and
DL traffic and amplified interference from LoS links. Recent
works [173]-[175] have introduced the NAFD concept into
aerial-ground CF systems to achieve flexible duplex commu-
nication in the spatial domain, allowing UAVs to select duplex
modes based on the traffic distribution.

C. Reconfigurable Intelligent Surfaces

RISs, or intelligent reflecting surfaces, provide -cost-
effective, energy-efficient, and spectrum-efficient communica-
tions [176]-[179]. An RIS comprises a planar array of hun-
dreds or thousands of “nearly passive” reflecting elements. A
software controller can control the reflective properties of these
components individually, changing the real-time response to
dynamic wireless channels, abrupt network changes, and/or
traffic demands. In particular, the controller can customize the
individual elements to change their states to achieve coherent
combining for the reflected signals at chosen receivers, thus
increasing the received signal power. At the same time, the
reflected signals combine destructively at non-intended re-
ceivers, suppressing co-channel interference or increasing the
secrecy rate [176], [177]. Furthermore, since no transmit RF
chains or amplifiers are required, an RIS panel may consume
only a few Watts of power during the reconfiguration stages
and significantly less during idle states. For 3-, 4-, 5-, and 6-bit
resolution phase shifting, typical power consumption values
per each phase shifter are respectively 1.5, 4.5, 6, and 7.8
mW [180]. Even without an amplifier, an RIS may produce
significant gain—about 30 to 40 decibels relative to isotropic
(dBi) depending on surface size and frequency [181]. As a
result, an RIS has much lower hardware/energy cost than
standard active antenna arrays [168], [176], [182].

An RIS resembles an FD device without antenna noise am-
plification or SI, providing an efficient alternative for FD relays
needing complicated SIC methods. Although the integration of
FD with RISs is being actively researched in traditional co-
located MIMO setups [183]-[186], only a limited amount of
work exists in HD CF systems [187]-[189] whilst the first
papers on the CF FD with RIS are yet to appear.

With the current investigations on RIS in many wireless sys-
tems, such as HD CF, mMIMO, IoT, and many others [183]-
[186], it can be anticipated that they will present significant
advantages and opportunities for CF FD systems. By dynam-
ically adjusting the phase and amplitude of reflected signals,

20

an RIS can enhance the signal strength, improve coverage,
and facilitate better interference management. This capability
is crucial for mitigating the SI inherent in FD operations.
Furthermore, an RIS can bolster security by creating dynamic,
adaptive signal paths that are harder for eavesdroppers to
intercept. The improved SE and energy savings resulting from
optimized signal reflections would also contribute to more
robust and efficient CF FD networks.

D. Integrated Sensing and Communications

Among many visionary considerations about 6G wireless
networks, a common theme is that sensing will play a more
significant role than ever before. It is anticipated that future
wireless networks will be able to image and measure the
surrounding environment, thereby enabling advanced location-
aware services. This synergy between communication and
sensing is referred to as ISAC and finds applications in various
emerging areas, including vehicular networks, environmental
monitoring, and human activity recognition. Recently, ISAC
has garnered recognition from the International Telecommu-
nication Union (ITU) as a pivotal element within the 6G
landscape, serving as one of six key 6G usage scenarios [190].

ISAC can be realized through a synergistic design of
communications and radar/sensing systems that share spectral
and hardware resources [191], [192]. This involves developing
strategies for cohabitation designs and/or dynamic spectrum
allocation and access, along with interference suppression or
management [191], [192]. Alternatively, ISAC can be imple-
mented from a co-design perspective, allowing communica-
tions and radar/sensing systems to operate in parallel with
jointly optimized performance [193]-[197]. Therefore, ISAC
offers two primary advantages over dedicated sensing and
communication functionalities. Firstly, it provides integration
gains, enabling the efficient utilization of congested resources.
Secondly, it offers coordination gains, allowing for the bal-
ancing of multi-functional performance and mutual assistance.
The rapid evolution of ISAC suggests a future dual-functional
network that could enable innovative services for civilians.
In this network, the sensing operation collects and extracts
information from noisy observations, while communication
transfers information through specifically tailored signals and
recovers it [193]-[197].

ISAC has primarily been studied in single-cell scenarios
with monostatic sensing, where the transmitter and receiver
are co-located for sensing [198]-[201]. However, distributed
designs can be employed to leverage macro diversity gain,
thereby mitigating the effects of large-scale fading in single-
cell scenarios. In line with this, the integration of CF and
ISAC has been explored in a few recent studies [202]-[204].
The systems considered in these studies operate in a multi-
static manner [194], i.e., multiple non-co-located transmitters
and receivers are deployed. Specifically, the design in [202]
assumed that all the APs serve the UEs over the same time-
frequency resources, while the sensing signal for a specific
target is generated by its designated AP (only some specific
APs serve as an ISAC transmitter). The echo signals reflected
by the target are received by all APs and sent back to the CPU



for further processing (all APs serve as ISAC receivers). Con-
sequently, the APs operate in FD mode to receive the reflected
signals. However, from the sensing perspective, the main focus
of this study is beampattern design at the transmitter, and
the challenges related to the FD operation at the APs during
the reception of echo signals remain unexplored. In [203], an
ISAC system with DL communication and multi-static sensing
in a cloud radio access network (C-RAN) architecture has
been considered, wherein each AP either serves as an ISAC
transmitter or a sensing receiver. This architecture dispenses
with the FD capability requirement in monostatic sensing
while stimulating FD operation via HD APs and reflecting the
use of the NAFD concept for ISAC CF systems. However,
the operation mode of the APs is fixed. A more flexible
design has been proposed in [204], where, depending on
the network requirements, the operation mode of the APs is
determined as either a communication or sensing AP. Inter-
system interference is managed through joint operation mode
selection and power control design at the APs.

E. Machine Learning

ML transforms wireless networks by enhancing the signal
processing, network management, spectrum utilization, and
security. By leveraging data-driven insights, ML improves
the performance and reliability while addressing the growing
complexity of modern wireless systems and underpinning
advanced technologies.

ML has thus been widely applied in CF networks across
various tasks, including channel estimation [205], power con-
trol [206], beamforming design [207], [208], and UE clustering
in NOMA CF systems [207]. These studies leverage ML
to address the high-dimensional and nonlinear optimization
challenges inherent in CF networks. ML algorithms can pro-
cess large datasets in real time, which is well-suited for
large-scale deployments, effectively addressing scalability is-
sues. Moreover, ML facilitates real-time decision-making for
resource management, performance optimization, and low-
latency communication. The introduction of AP mode selec-
tion in CF NAFD networks further increases the complexity
of optimization, where ML offers promising solutions [132],
[173], [175].

F. Tailored SIC Techniques for CF FD

The FD operation in CF mMIMO presents unique opportu-
nities to enhance the network performance. Unlike co-located
FD systems, CF FD systems avail of the proximity between
APs and users, which allows for lower transmit power levels
at APs. This inherently reduces the impact of SI. Recent
research has explored various SI mitigation techniques for
CF FD networks. For instance, reference [100] demonstrated
that power control can effectively mitigate the residual SI
by leveraging a large number of distributed APs. In [102],
passive SI suppression was achieved by exploiting the path loss
and strategically allocating the transmit and receive antennas
at different APs. Additionally, [49] highlighted that when
APs are equipped with multiple antennas, spatial processing
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techniques, such as null-space projection and beamforming,
can further suppress SI.

These studies illustrate that spatial signal processing plays
a crucial role in SI mitigation. However, most existing CF
FD research still relies on conventional SIC techniques orig-
inally developed for co-located FD systems. Applying these
techniques directly to CF FD networks introduces several
challenges. First, equipping each distributed AP with dedicated
SI suppression hardware, such as directional isolation, antenna
separation, and adaptive filtering, can be costly and impractical
for large-scale deployments. Second, the characteristics of
the SI channel in distributed networks differ significantly
from those in co-located systems, as the spatial distribution
of APs influences the SI propagation and correlation. For
example, [209] showed that SIC performance in multi-antenna
systems is highly dependent on the SI channel modeling and
beamforming design. Similar considerations must be made
for CF FD systems to ensure effective SI mitigation across
multiple distributed APs.

Moreover, beamforming strategies in CF FD networks re-
quire careful design to suppress the SI while minimizing
inter-AP and co-channel interference. Unlike co-located FD
systems, where centralized beamforming optimization is fea-
sible, CF FD networks require distributed or hierarchical
beamforming approaches to balance SI suppression and inter-
user interference management. Advanced spatial processing
techniques, such as eigenmode transmission and adaptive null-
space projection, must be adapted to the distributed nature of
CF FD networks. While current CF FD research primarily
relies on existing SIC strategies, future research should focus
on developing scalable, low-overhead SI mitigation techniques
specifically designed for massive CF FD deployments. These
advancements will be crucial to fully harness the potential of
CF FD networks in next-generation wireless systems.

G. Large-Scale CF FD Networks

Deploying CF FD in large-scale networks with numer-
ous wireless devices, including communication, sensing, and
computing-oriented users, introduces several challenges. These
include the additional overhead required for CSI acquisition,
signal processing, and coordination among distributed APs.
Moreover, the interplay between distributed FD operation, SI,
and inter-user interference significantly impacts the system
performance and overhead requirements.

To address these challenges, advanced and scalable CSI
acquisition techniques, such as ML, deep learning-based es-
timation, and tensor-based compressed sensing [205], can
significantly reduce the overhead by leveraging temporal and
spatial correlations to enhance CSI accuracy with minimal
feedback. Intelligent AP selection, where only a subset of
APs actively serve users based on channel conditions, further
lowers signaling and computational costs while maintaining
system performance [6]. Moreover, not all APs need to operate
in FD mode continuously; dynamic AP assignment, i.e., hybrid
FD/HD operation, allows APs to switch between modes based
on interference, network load, and SI levels, as seen in CF
NAFD networks [44], [101]. This hybrid approach effectively



balances the performance gains of FD operation with the
complexity of SIC.

To further mitigate the signaling overhead, grant-free
transmission schemes, where users transmit without explicit
scheduling, can be integrated with CF FD systems [210],
[211]. Combined with advanced interference management
techniques, this can improve scalability and efficiency in
massive-device scenarios [210], [211]. Moreover, the central-
ized CPU-based processing in conventional CF systems may
not scale well for large-scale CF FD due to the increased
overhead of handling SI and FD interference. Edge-based
or hierarchical distributed processing architectures can reduce
signaling overhead and improve network performance [212],
[213]. On the other hand, given the increasing importance of
sensing-oriented users in future networks, CF FD systems can
be adapted to jointly optimize communication and sensing
objectives. For instance, the FD APs can be repurposed for
environment-aware sensing rather than purely being assigned
for communication [201], [214]. This dual-functional use of
FD operation can enhance the network utility without addi-
tional signaling costs.

H. Unexplored Research Avenues

Aside from the above-mentioned research directions, the
integration of CF FD with other well-known technologies,
including backscatter communications, mobile edge com-
puting, rate splitting multiple access, vehicle-to-everything
communication, underwater wireless communication, age of
information, and more, remains untouched as of today.

VII. CONCLUSION

This research investigated the potential and advantages of
CF FD systems for the next generation of wireless networks.
Initially, the fundamentals of FD communication and CF ar-
chitecture were reviewed, highlighting their impact on current
wireless systems. The integration of FD technology into CF
architectures was then examined, focusing on channel estima-
tion, performance analysis, and resource allocation. CF NAFD
networks were also explored, supported by a comprehensive
literature survey and case studies using a general CF FD sys-
tem configuration. Additionally, emerging CF FD paradigms,
such as mmWave communications, UAV communication, RIS,
ISAC, and others, were discussed. Finally, several research
gaps were identified, providing a foundation for future research
efforts.
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