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ABSTRACT In the rapidly evolving domain of intelligent vehicular systems, reliable and instantaneous
communication is paramount. This paper delves into the robustness of an ultra-reliable low-latency
communication (URLLC)-enabled full-duplex cell-free massive multiple-input multiple-output (FD-CFm-
MIMO) system, considering the unique challenges presented by mobile vehicular networks. Recognizing
the constraints of real-world fronthaul links, we focus on a uniform fronthaul quantization strategy. Our
primary contribution is deriving the cumulative distribution function (CDF) of the signal-to-interference-
plus-noise ratio (SINR) at each receiver. We utilize the Welch-Satterthwaite approximation, taking into
account the effects of imperfect channel state information (CSI) and the inherent mobility of vehicle
communication units (VCUs). Building upon this, we present closed-form expressions of outage probability
for both infinite and finite block-length transmission models. A comparative study using Monte Carlo
simulations validates our analytical derivations. We consider the half-duplex CFm-MIMO system as
a benchmark scheme. Our results underscore the significant influence of several system parameters,
such as transmit power, VCU mobility, CSI accuracy, fronthaul link quality, residual interference
(RI), and quantization nuances, Doppler power spectra models, pilot contamination on overall system
performance.

INDEX TERMS Outage probability, cell-free massive multiple-input and multiple-output (CFm-MIMO),
confined fronthaul link, ultra-reliable low latency communication (URLLC), vehicle communication,
mobility.

I. INTRODUCTION

ULTRA-RELIABLE low-latency communication
(URLLC) has emerged as a pivotal component in

the transition from 5G to more advanced networking
paradigms [1], [2]. It caters not only to the broader IoT
sphere, such as industrial automation and public safety
but, most crucially, to intelligent vehicular systems [3].

These advanced vehicular networks demand impeccable
communications for their safe, efficient, and autonomous
operations. With the burgeoning development of autonomous
and connected vehicles, the need for URLLC becomes even
more pronounced, where every microsecond could be the thin
line between operational success and catastrophic failures
on roads [4]. This underscores the need to dive deeper into
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specific vehicular applications, particularly those that operate
at consistent speeds [1], [5] namely, autonomous vehicles,
public transportation, emergency services, Industrial IoT and
so on.
Consistent speed vehicular applications are central to the

broader vision of intelligent transportation [5], [6], [7]. For
instance, automated convoys of trucks navigating highways,
maintaining consistent speeds to optimize traffic flow and
fuel efficiency or consider autonomous drones coordinating
flawlessly in airspaces for tasks ranging from package deliv-
eries to infrastructure monitoring. These aren’t just futuristic
scenarios; they represent the very heart of next-gen trans-
portation, underscoring the unmatched value of predictability,
precision, and synchronized operations. While high-speed
vehicular networks battle with rapid channel variations,
vehicles operating at consistent speeds face a unique set of
challenges [6]. One of the primary challenges is ensuring
seamless real-time responsiveness in their operations [3].
Even a slight delay or jitter in communication can disrupt
synchronized tasks, such as precise inventory movement
or infrastructure surveillance, potentially jeopardizing the
system’s efficiency and safety. To combat this challenge,
URLLC is incorporated, ensuring that communication is not
only swift but also reliable, mitigating the risks associated
with latency issues [1], [2].

To effectively serve these smart transportation systems, it’s
not enough to merely rely on URLLC [3]. The integration
of URLLC with cutting-edge 6G innovations, like cell-free
massiveMIMO (CFm-MIMO), becomes indispensable. CFm-
MIMO combines the advantages of massive MIMO with
a decentralized approach, resolving challenges related to
inter-cell handovers, shadowing, and signaling interference,
which are particularly significant in mobile vehicular con-
texts [8], [9]. However, the very essence of CFm-MIMO poses
an intrinsic predicament: the need to exchange vast amounts
of data between multiple APs and the central processing unit
(CPU), often resulting in overwhelming bandwidth demands
and increased latency on the fronthaul links. Implementing
a confined fronthaul with uniform quantization becomes the
solution, as it efficiently manages bandwidth by representing
continuous signals with a finite number of levels, thus
optimizing data traffic and reducing latency.
Other important challenge of intelligent vehicles is their

dynamic movement which occurs due to the rapid changes in
channel conditions. Herein lies the importance of the Doppler
power spectra (DPS) models [10], [11], [12]. These models,
grounded in the doppler effect, capture the frequency shifts due
to vehicular speed and direction. By employing DPS models,
communication systems can better predict, and thus mitigate
the adverse impacts of vehicular mobility on communication
links, ensuring more stable and reliable connections. In
addition, imperfect channel state information (CSI) further
complicates the task of maintaining reliable communication in
the context of dynamic VCU movement [10]. Imperfect CSI
can arise from inaccuracies in estimating channel conditions
due to factors like signal blockage, multipath propagation, and

environmental changes. Inaccurate CSI can lead to suboptimal
beamforming, increased interference, and reduced overall
system performance. Addressing imperfect CSI becomes
crucial to overcome these challenges. By combining DPS
models and addressing imperfect CSI, communication systems
achieve a higher level of adaptability. Accurate doppler
modeling assists in predicting how VCU movement affects
communication channels while addressing imperfect CSI
mitigates the negative impact of estimation errors. Together,
these approaches empower intelligent vehicles to maintain
consistent, high-quality communication even in dynamic
scenarios, contributing to safer and more efficient vehicular
networks.
Few other important challenges in intelligent vehicles

include real-time communication, safety coordination, and
data-intensive operations [13], [14]. In this bustling matrix,
full-duplex communication stands as a monumental break-
through. It addresses these challenges by enabling instant
interaction, enhancing safety through rapid data exchange,
facilitating efficient coordination among vehicles, and sup-
porting seamless transmission of sensor data for improved
decision-making [14], [15]. Unlike half-duplex systems
where transmission and reception happen in alternating
times or frequencies, full-duplex systems enable simulta-
neous transmission and reception on the same frequency
channel. This essentially doubles the spectral efficiency—a
paramount advantage in vehicular networks where commu-
nication latency can be the difference between safe transit
and mishaps [14]. Moreover, full-duplex communication
paves the way for real-time adaptive responses, essential
for autonomous driving scenarios, and vehicle-to-everything
(V2X) interactions [14].

A. BACKGROUND WORKS AND MOTIVATION
Recent research on CFm-MIMO is expansive [2], [8], [9],
[16], [17], [18], [19], [20]. While, the authors in [2]
investigated the throughput analysis and characterization
of the packet error probability for the half-duplex (HD)
CFm-MIMO system under the URLLC regime, the study
in [8] demonstrated significant throughput improvements
and enhanced immunity to spatial fading, outperforming
traditional small-cell approaches. A recent advancement
has been integrating CFm-MIMO and full-duplex (FD),
where access points (APs) serve uplink (UL) VCUs and
downlink (DL) VCUs simultaneously on the same spectrum
resource [16]. Assuming confined fronthaul, the works [16]
and [17] have considered HD-CFm-MIMO and FD-CFm-
MIMO systems, respectively.
While resource allocation and optimization of the spectrum,

and energy efficiency have been the focus of all the
works previously mentioned, this analysis neglected to take
another critical performance metric into account, i.e., outage
probability (OP). It is worth acknowledging that it is rather
difficult to determine the formulation of the OP in closed-form
expression [18]. Over rayleigh fading channels, AP is assumed
to have imperfect channel state information (CSI), which leads
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to the approximation of the OP for UL CFm-MIMO [19].
However, the analysis of the VCU mobility and fronthaul
quantization is still missing in this study.
The authors in [21] investigate UL signal detection

in limited-fronthaul, highly correlated channel conditions
within scalable CF-mMIMO systems. It introduces two
robust receivers that leverage effective noise heteroscedastic
covariance to enhance performance. Additionally, the paper
examines antenna distribution optimization in this context.
While the authors in [14] focused on optimizing FD consid-
ering VCU mobility and without accounting for imperfect
CSI, the authors in [10], [11] have examined the outage
performance of FD systems considering VCU mobility and
imperfect CSI from a practical standpoint under cellular
architectures. Some prior works [20], [22], [23], [24] have
explored the mobility aspect in CFm-MIMO systems. The
authors in [22] investigated the impact of changing serving
AP sets on scalable CF-mMIMO in mobile networks, deriv-
ing handover rates and analyzing mobility-aware throughput.
The authors in [23] examined the interaction between
cell-free massive MIMO systems at mmWave frequencies
and VCU mobility, introducing a mmWave channel model
considering channel aging, and presenting three beamform-
ing techniques along with dynamic VCU association. The
authors in [24] have investigated the spectral efficiency
performance of CFm-MIMO-orthogonal frequency-division
multiplexing systems in high-speed train (HST) communi-
cations, considering Doppler frequency offset and various
combining techniques. The outage performance analysis of
UL CFm-MIMO system is examined in [20] considering
VCU mobility. However, it is essential to underscore that
none of the previously mentioned works [20], [21], [22],
[23], [24] have delved into the analysis of URLLC or
conducted comprehensive outage probability assessments,
leaving a notable gap in our understanding of these critical
aspects in the context of CFm-MIMO systems.
CFm-MIMO’s integration with full-duplex (FD) tech-

niques, enabling APs to serve both UL-VCUs and DL-VCUs
concurrently, stands out. However, a glaring omission in
much of the literature is a comprehensive examination of
the outage probability (OP), especially given its crucial
significance in vehicular networks where even a momentary
communication lapse can be catastrophic. Vehicular com-
munication introduces a unique set of challenges, such as
rapidly changing channel conditions due to the mobility
of vehicles, stringent ultra-reliable low latency communica-
tion (URLLC) demands, and the complexities of handling
fronthaul quantization issues. While preliminary studies,
including our previous work [12], introduced the topic,
they often overlooked the intricate interplay between these
challenges. To put our contribution in perspective, we present
a detailed comparative study in Table 2, pitting the state-
of-the-art against our groundbreaking research. Notably, the
investigation of URLLC-enabled FD CFm-MIMO systems
for intelligent vehicles while addressing the dynamic nature
of VCU mobility and the imperfections in channel state

information (CSI) has been a conspicuous gap in the
literature. Our study’s primary focus on analyzing the impact
of different Doppler power spectra (DPS) models on the
outage probability (OP) not only pushes the boundaries of
existing research but also provides a crucial foundation for
addressing the multifaceted challenges posed by vehicular
communication systems. By illuminating the intricate rela-
tionship between DPS models and system reliability in the
context of URLLC, our work offers valuable insights that
are particularly pertinent to ensuring seamless and reliable
communication in intelligent transportation systems.

B. CONTRIBUTION
Motivated by the background works, our paper uniquely
advances the exploration of URLLC in an FD-CFm-MIMO
consistent speed vehicular network, taking into account VCU
mobility, quantized fronthaul, and imperfect CSI, laying a
foundation for the development of safer and more efficient
intelligent vehicular systems. Our key contributions to our
work are listed as follows

1) ENHANCED MODELING OF URLLC PARADIGM

• Introduction of Time-Selective Fading and Channel
Estimation Error (CEE): Unlike existing studies such
as [12], our research places a significant emphasis on the
URLLC paradigm. We include a dedicated section on
channel estimation considering time-selective fading,
where we analyze the impact of the minimum-mean-
squared-error (MMSE) estimation technique on system
performance. We introduce time-selective fading and
CEE to encapsulate VCU mobility and the imperfec-
tions in CSI.

• Exploration of VCU Mobility Models: We extend our
investigation to explore VCU mobility with Rectangular,
Uniform, and Gaussian DPS models, providing a com-
prehensive understanding of their impact on URLLC
performance.

2) ANALYTICAL FRAMEWORK DEVELOPMENT

• Derivation of Closed-Form Expression for OP: We
present the derivation of a closed-form expression
for OP using the Welch-Satterthwaite approximation.
This analytical framework is grounded in realistic
assumptions tied to VCU mobility, quantized fronthaul
with confined capacity, and imperfect CSI.

• Asymptotic M and N Analysis: Additionally, we conduct
asymptotic M and N analysis to further characterize the
system behavior under varying conditions. This analysis
provides insights into the scalability and robustness of
the proposed system architecture.

3) SYSTEM PERFORMANCE EVALUATION AND
PARAMETER ANALYSIS

• Benchmarking FD CFm-MIMO with HD CFm-MIMO:
We provide benchmark analysis by comparing the
performance of FD CFm-MIMO with HD CFm-MIMO,
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TABLE 1. Tabulated comparative overview: state-of-the-art vs. our contribution.

offering insights into the trade-offs between these
configurations.

• Influence of Various Parameters: Building upon the
foundational insights, we scrutinize how various param-
eters such as DL power, VCU mobility, the nature of
CSI, fronthaul link specifications, and the metrics of
uniform quantization influence the system performance
under the URLLC regime.

• Effects of Pilot Contamination, Time-Selective Fading,
and CEE: Specifically, we delve into the effects of pilot
contamination, time-selective fading, and CEE, provid-
ing a comprehensive understanding of their implications
on URLLC in the context of vehicular networks.

II. SYSTEM AND CHANNEL MODELS
We consider a URLLC-enabled FD-CFm-MIMO system that
comprises geographically dispersed M APs and randomly
distributed Ku UL and Kd DL VCUs. Each AP has Nr receive
and Nt transmit antennas, whereas each VCU is equipped
with a single antenna. A confined fronthaul link is used to
connect every AP to the central processing unit (CPU) and
thus jointly serves K (i.e., K = (Ku + Kd)) HD-VCUs.

A. CHANNEL DESCRIPTION
Let gdmk ∈ C

Nt×1 denotes the channel gain between the
mth AP and kth DL-VCU while guml ∈ C

Nr×1 represents
the channel gain between the mth AP and lth UL-VCU.
These channels are modeled as guml = (βuml)

1/2g̃uml and gdmk =
(βdmk)

1/2g̃dmk. The distribution of co-channel interference
(CCI) channel from the kth DL-VCU to the lth UL-VCU is
given by hkl = (β̃kl)

1/2h̃kl [8], [25]. Here, β̃kl is the large-
scale fading coefficient that captures the signal attenuation
due to path loss and shadowing effects between the kth and lth

VCU. The small-scale fading coefficients, such as h̃kl, g̃dmk,
and g̃uml, are modeled as complex Gaussian random variables
with a Rayleigh distribution, representing the rapid amplitude

FIGURE 1. URLLC-enabled FD-CFm-MIMO system model.

fluctuations due to multipath propagation. These coefficients
are independent and non-identically distributed (i.n.i.d.) with
parameter σmj, where j ∈ {k, l}. Furthermore, Hmi ∈ C

Nr×Nt ,
1 ≤ i ≤ M represents the channel gain between the receive
and transmit antennas of the mth and ith AP, respectively.
Accounting for shadow fading and path-loss, the large scale
fading coefficient βmj ∈ {βdmk, βuml, β̃kl} ∈ R is defined as

βmj = PLmjFmj. (1)

Here, the shadowing correlation factor is denoted by Fmj =
10(σthzmj/10) with a log-normal standard deviation of σth,
the independent and identically distributed (i.i.d) random
variables {amj, bmj} ∈ N (0, 1) follow a standard normal
distribution, which characterizes VCU shadow fading effect,
PLmj denotes path-loss [12], and zmj = √

δamj +
√

1 − δbmj,
where δ is the shadowing correlation coefficient.
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B. CHANNEL ESTIMATION
The channel estimation process is conducted in accordance
with the TDD protocol. Within the TDD frame, we distin-
guish three distinctive phases: the UL training phase, the UL
data transmission phase, and the DL data transmission phase.
This division of the TDD frame ensures an organized and
efficient utilization of time resources for channel estimation
and data transmission. Let τ represent the total number of
samples within the coherence time interval T . We define τc
as the number of samples in the UL training phase, which
has a duration of Tc. Here, τu and τd represent the number
of samples during UL transmission and DL transmission,
lasting for a duration of Tu and Td, respectively. During the
UL training phase, τc can be expressed as the sum of two
components: τc = τ dc + τ uc , where, τ dc and τ uc represent the
number of samples utilized as pilots for the DL VCUs and
UL VCUs, respectively.
To estimate the channel, all DL VCUs and UL VCUs

simultaneously transmit pilot signals. In this phase, the
antennas at each AP operate exclusively in receive mode,
including both Nt and Nr antennas. The pilot sequences√

τ dc φd1 . . .
√

τ dc φdK and
√

τ uc φu1 . . .
√

τ uc φuJ , sent by DL and
UL VCUs respectively, are received by the antennas at
the AP, obtaining channel estimates during the UL training
phase. Here, φ represents the pilots drawn from the set
{φdk ,φuj ,∀k, j}. The condition |φdk |2 = 1 applies to DL VCUs,
while |φuj |2 = 1 is for UL VCUs [27]. The pilot signal
received by the transmit and receive antennas of the mth AP
can be respectively written as [16]

Yt
m =

√
τ dc ρt

K∑

k=1

gdmk
(
φdk

)H + Nt
m, (2)

Yr
m = √τ uc ρt

J∑

j=1

guml
(
φul
)H + Nr

m. (3)

Here, ρt is the normalized pilot transmit power. Nt
m ∈

C
Nt×τ dc and Nr

m ∈ C
Nr×τ uc represent additive noise with

CN (0, 1) entries. To minimize CSI exchange overhead,
each AP estimates its channels with the UL and DL
individually. To estimate the channels gdmk and guml, the m

th

AP projects the received signal onto the pilot signals φdk and
φul respectively, as

ŷtmk = Yt
mφdk =

√
τ dc ρtgdmk + Nt

mφdk , (4)

ŷrml = Yr
mφul = √τ uc ρtguml + Nr

mφul . (5)

These projections are used to compute the corresponding
linear MMSE channel estimates [16] as

ĝdmk = E

{
gdmk
(
ŷtmk
)H}(

E

{
ŷtmk
(
ŷtmk
)H})−1

ŷtmk

= cmkŷtmk, (6)

ĝuml = E

{
guml
(
ŷrml
)H}(

E

{
ŷrml
(
ŷrml
)H})−1

ŷrml
= cmlŷrml, (7)

where cmk =
√

τ dc ρtβgdmk
τ dc ρtβgdmk

+1
and cml =

√
τ uc ρtβguml

τ uc ρtβguml
+1 .

The estimation error vectors1 are defined as guεjm �
guml − ĝuml and gdεmk � gdmk − ĝdmk. With MMSE channel
estimation, ĝdmk, g

d
εmk

, ĝuml, and guεjm are mutually independent
and their individual terms are independent and identi-
cally distributed (i.i.d.) random variables with distribution
N (0, βĝdmk

), N (0, βgdmk
−βĝdmk

), N (0, βĝuml
), and N (0, βguml

−
βĝuml

), respectively, with βĝdmk
=

τ dc ρt(βgdmk
)2

τ dc ρtβgdmk
+1

and βĝuml
=

τ uc ρt(βguml
)2

τ uc ρtβguml
+1 .

After channel estimation, data transmission starts simul-
taneously for both DL and UL.

C. MOBILITY ANALYSIS
In this study, we have incorporated DPS models to analyze
the dynamic nature of VCU mobility and its impact on the
OP. The mobility of VCUs introduces time-selective i.n.i.d.
block fading channels, which necessitate a robust model to
accurately capture the channel variations over time [10]. To
address this, we have employed the following DPS models,
each with its practical implications:

• Gaussian Model: This model is particularly suited for
environments with high relative speeds between the
transmitter and receiver, such as in high-speed vehicular
communications. It provides a comprehensive range of
Doppler shifts, capturing the extensive variability in
channel conditions due to rapid movement.

• Uniform Model: This model is applied in scenarios
where Doppler shifts are expected to be uniformly
distributed, such as in pedestrian or low-mobility
settings. This model aids in the design of systems
that can consistently handle the uniform distribution of
frequency shifts across the specified range.

• Rectangular Model: This model assumes a constant
DPS within a narrow frequency range, making it ideal
for situations with limited and predictable mobility pat-
terns, like indoor communication systems. It simplifies
the analysis and mitigation of Doppler effects in such
controlled environments.

Each model is associated with a specific formula (SC(f ))
that describes the distribution of frequency shifts due to the
Doppler effect. The Table 2 compares various DPS mod-
els and their corresponding correlation coefficients. These
models capture the frequency shifts caused by movement in
wireless communication systems.
The correlation coefficients (ϕ) shed light on signal rela-

tionships affected by these models, aiding in understanding
signal propagation and mitigation strategies. Moreover, to
investigate the imperfect CSI along with the VCU’s mobility,

1Note that the estimation error acts as an additional interference at each
receiver. Therefore, it is a common notion in literature to consider it as
Gaussian distributed [8], [16].

3200 VOLUME 5, 2024



TABLE 2. Comparison of DPS models and their correlation coefficients [28].

we represent the ĝomj at zth signaling period in terms of
its first signaling period ĝomj(1) and its mobility correlation

parameter ϕmj, which is given as ϕmj = J 0(
2π fVmj
cRs

) [10],
where Vmj, f , c,Rs denote relative speed, carrier frequency,
symbol transmission rate and speed of light, respectively.
In the context of time-selective fading, the AP employs

a pilot signal during the first signaling period of each
transmission block to estimate the channel (gomj) at any given
(zth) signaling period. This estimation is crucial to adapt
to the channel variations caused by the mobility of the
VCUs. The estimated channel at the (zth) signaling period
is expressed as:

ĝomj(z) = β
1/2
mj

(
ϕz−1
mj ĝomj(1) + �o

mj(z)
)
, (8)

where �o
mj(z) represents the additive mobility noise. The

term (ϕz−1
mj ) accounts for the channel’s correlation from

the first to the (zth) signaling period, reflecting the impact
of VCU mobility on the channel’s coherence over time.
The additive mobility noise (�o

mj(z)) captures the random
variations in the channel, including the effects of noise and
other uncertainties in the channel estimation process.
The additive mobility noise (MN) is defined as follows:

�o
mj(z) =

√
1 − ϕ2

mj

z−1∑

f=1

ϕ
z−f−1
mj emj(f ) (9)

and emj(l) represents the randomly varying component. Note
that each entry of emj(l) is i.i.d and follows CN (0, σ 2

emj).
Additionally, the expectation for �o

mj(z) is zero, and its
variance is expressed as

V
{
�o
mj(z)

}
=
(

1 − ϕ2
mj

)
σ 2
emjϕ

2(z−1)
mj

z−1∑

l=1

(
ϕ−2
mj

)l
,

= σ 2
emj

(
1 − ϕ

2(z−1)
mj

)
. (10)

III. PERFORMANCE ANALYSIS
This section studies the performance of DL and UL links of
the devised FD-CFm-MIMO system as given below.

A. DOWNLINK (DL) DATA TRANSMISSION
Initially, the unit-energy message symbol sdk and the power-
control coefficient (ηmk) of the kth DL-VCU undergo scaling
and subsequent quantization. Later, the CPU transmits the
quantized symbol to the kth DL-VCU via the confined
fronthaul link of the mth AP. Because of confined fronthaul

link capacity, the mth AP can serve only a subset of
DL-VCUs, i.e., κdm ⊂ {1, . . . ,Kd}. By obtaining symbols
from the CPU, AP transmits the signal after performing
maximum-ratio transmission (MRT) precoding using MMSE
channel estimation [16], [29], and thus, the resultant signal
is given by

xdm = √
μd

∑

k∈κdm

(
ĝdmk
)∗Q

(√
ηmks

d
k

)
,

= √
μd

∑

k∈κdm

(
ĝdmk
)∗(

ã
√

ηmks
d
k + ςdmk

)
. (11)

where μd and ηmk,∀m ∈ M, k ∈ Kd represent the
maximum normalized AP transmit power and the power
control coefficient, respectively. Here, (ĝdmk)

∗ indicates the
conjugate of the (ĝdmk) and Q(·) denotes the quantization
operator, which is a function of an additive distortion ςdmk
and scalable attenuation ã. Let E{(ςdmk)2} = (b̃− ã2)ηmk be
the variance of ςdmk with constants ã and b̃, which depends on
the quantity of fronthaul quantization bits [17]. Based on the
constraint of mean-normalized power, i.e., E{|xdm|2} ≤ μd,
the single-AP power constraint is defined as

b̃
∑

k∈Kd

σ 2
d,mkηmk ≤ 1

Ntx
,∀m, (12)

where b̃ is a constant that depends on the quantity of
fronthaul quantization bits. The set Md

k is a subset of all
APs represented by integers from 1 to M. Each AP in Md

k
transmits the required message signal to the kth DL-VCU as
well as several distortion and interference factors. The kth

DL-VCU is served by the mth AP if k belongs to the set
κdm, which is true if and only if m belongs to Md

k . The k
th

DL-VCU received signal is expressed as

ydk =
M∑

m=1

(
gdmk
)T

xdm +
Ku∑

l=1

hklx
u
l + wdk

= ã
√

μd

∑

m∈Md
k

√
ηmk

(
gdmk
)T(

ĝdmk
)∗
sdk

︸ ︷︷ ︸
desired signal, DSdk

+ ã
√

μd

M∑

m=1

∑

q∈κdm\k

√
ηmq

(
gdmk
)T(

ĝdmq
)∗
sdq

︸ ︷︷ ︸
inter-user interference, IUIdk
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+ √
μd

M∑

m=1

∑

q∈κdm

(
gdmk
)T(

ĝdmq
)∗

ςdmq

︸ ︷︷ ︸
total quantization distortion,TQDdk

+
Ku∑

l=1

hklx
u
l

︸ ︷︷ ︸
co-channel interference ,CCIdk

+ wdk︸︷︷︸
AWGN at receiver,Wd

k

. (13)

B. UPLINK (UL) DATA TRANSMISSION
Due to the FD nature of all APs, the Ku UL-VCUs
simultaneously transmit signals to all M APs utilizing the
same spectrum resource used for DL transmission. The lth

UL-VCU transmits a signal xul = √
μulsul , where s

u
l , l and

μu are the unit-energy message symbol, the power coefficient
of UL transmission and the UL transmit signal-to-noise ratio
(SNR) of maximum value, respectively. In order to meet the
normalized SNR requirement, E{|xul |2} ≤ μu, the lth UL-
VCU must adhere to the following constraint, 0 ≤ l ≤ 1 .
The UL signal received at the mth AP is presented as

yum =
[ Ku∑

l=1

gumlx
u
l +

M∑

i=1

Hmixid + wu
m

]

, (14)

where wu
m ∈ C

Nr×1 ∼ CN (0, σ 2
n ) represents the i.i.d.

entries of additive white Gaussian noise at the mth AP. In
our approach, we aim to estimate and partially minimize
inter and intra-AP interference with a minimal increase
in pilot overhead. While it is acknowledged that complete
cancellation of such interference would impose significant
pilot overhead, front-haul signaling, and computational com-
plexity, our method focuses on achieving a practical balance
that is more suitable for URLLC systems. Note that Hmi ∈
C
Nr×Nt denotes the residual interference (RI) channel for

inter-/intra-AP [15]. Here, each entry of Hmi is i.i.d and
follows CN (0, γRI,mi), where γRI denotes the suppressed RI
power.
After receiving signals from every UL-VCU, the mth AP

executes maximum-ratio combining (MRC) for the lth UL-
VCU with (ĝuml)

H . As the fronthaul is confined, firstly, the
AP performs quantization on the resultant signal and then
sends it to CPU; secondly, a subset of APs, i.e., Mu

l ⊂
{1, . . . ,M} serving the lth UL-VCU send contributions to the
CPU. The mth AP serves a particular subset of UL-VCUs,2

which is denoted as κum ⊂ {1, . . . ,Ku}. A lth UL-VCU is
served by the mth AP if and only if l belongs to κum, which is
equivalent to m being a member of the set of APs Mu

l . The

2The algorithm for the selection of APs, UL-VCUs and DL-VCUs is
given in [16]. In our FD CF-mMIMO system, APs receive signals from all
UL-UEs but selectively transmit contributions from a subset to the CPU,
based on a proportionately fair selection criteria [16]. This ensures efficient
fronthaul utilization and optimal service quality, even under the constraints
of user mobility and imperfect CSI.

CPU obtains the signal corresponding to the lth UL-VCU as
follows

yul =
∑

m∈Mu
l

Q
((
ĝuml
)Hyum

)

= ã
∑

m∈Mu
l

√
μul

(
ĝuml
)Hgumls

u
l

︸ ︷︷ ︸
desired signal, DSul

+ ã
∑

m∈Mu
l

Ku∑

q=1,q
=l

√
μuμq

(
ĝuml
)Hgumqs

u
q

︸ ︷︷ ︸
inter-user interference, IUIul

+ ã
∑

m∈Mu
l

M∑

i=1

√
μd

∑

k∈κdi

(
ĝuml
)HHmi

(
ĝdik
)∗(

ã
√

ηiks
d
k + ςdik

)

︸ ︷︷ ︸
residual interference (inter-AP and intra-AP), RIul

+ ã
∑

m∈Mu
l

(
ĝuml
)Hwu

m

︸ ︷︷ ︸
AWGN at APs, Wu

l

+
∑

m∈Mu
l

ςuml

︸ ︷︷ ︸
total quantization distortion, TQDul

. (15)

After considering time-selective fading3 and substituting
the (8) in (13) and (15), we get the signal-to-interference-
plus-noise ratio (SINR) of the kth DL-VCU and the lth

UL-VCU respectively, is presented as

�o
j = Noj

/
Ioj , (16)

where Noj = |∑m∈Mo
j

Cmj√
Nt

ϕ
2(z−1)
mj (ĝdmj(1))H ĝdmj(1)|2, j ∈

{k, l}, o ∈ {d, u}, Ioj is the interference plus noise term. Here,

Cmk = ã

√
Pd

kdmM

√
ηmkβmk, (17)

Cml = ã

√
Pu
kulM

√
lβml, (18)

Idk =
∣∣∣IUIdk

∣∣∣
2 +

∣∣∣UDIdk
∣∣∣
2 +

∣∣∣Wd
k

∣∣∣
2 +

∣∣∣TQDd
k

∣∣∣
2 +

∣∣∣MNd
k

∣∣∣
2
,

(19)

Iul = ∣∣IUIul
∣∣2 + ∣∣RIul

∣∣2 + ∣∣Wu
l

∣∣2 + ∣∣TQDu
l

∣∣2. (20)

C. CUMULATIVE DISTRIBUTION FUNCTION (CDF) OF �O
J

In order to obtain the CDF of �o
j , ∀j ∈ {k, l}, o ∈

{d, u}, we first use the approximate the distribution of the
products of random vectors, i.e., | 1√

Nt
ĝdmk(1)H ĝdmk(1)|2 and

| 1√
Nt
ĝdmk(1)H ĝdmq(1)|2, in (16) as follows [30], [31]

∣∣∣∣
1√
Nt

ĝdmk(1)H ĝdmk(1)

∣∣∣∣
2

∼ G(Nt, 1/Nt), (21)

∣∣∣∣
1√
Nt

ĝdmk(1)H ĝdmq(1)

∣∣∣∣

2

∼ G(1, 1), ∀k 
= q, (22)

where G(.) denotes gamma distribution. Therefore, similar
to [31], the distribution of numerator (Noj ) and denominator

3Note that time-selective fading introduces mobility noise (MN).
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(Ioj ) of (16) can be represented in terms of Gamma random
variables and further assessed using the Welch-Satterthwaite
approximation4 [19] as shown below

Noj ∼
∑

m∈Mo
j

G
(

Nt,

(
Cmj√
Nt

ϕ
2(z−1)
mj

)2
)

, (23)

where Cmkq = ã
√

Pd
kdmM

√
ηmkβ

1/2
mk β

1/2
mq , Dmkq =

√
Pd

kdmM
ςdmq,

Eu = √
μul, μu = Pu

kulMNt
, Cml = ã

√
Pu
kulM

√
lβml, Dml =

ã
√

Pu
kulM

β
1/2
ml β

1/2
mq

√
μq, Em = ã

√
Pd

kdmM
√

ηik, Gm = ãβ1/2
ml ,

Fm = ã
√

Pd
kdmM

.
Here, the crucial parameters ã and ςomq,∀o ∈ {d, u}

play a pivotal role in determining fronthaul capacity, while
ϕomq,∀o ∈ {d, u} characterizes the VCU’s velocity and
DPS model, influencing channel conditions. These insights
are extensively explored in the numerical results section,
shedding light on their impact on system performance.
Now, we further simplify the �o

j in (16) as follows

�d
k = X

Y + σ 2
k

, �u
l = X

Y
. (26)

where X = Ndj and Y = Idk − σ 2
k when o = d, and X = Nuj

and Y = Iul when o = u. Thus, from (23), we get

X ∼
∑

m∈Md
k

G(�1, �1), �1 = Nt, �1 =
(
Cmj√
Nt

ϕ
2(z−1)
mj

)2

.

When M and K values are significantly high, the value of
Y greatly exceeds σ 2, leading to the expression �d

k = X/Y
in the DL case. Additionally, it is possible to express Y
as the sum of all the denominator terms using the gamma
distribution, which is similar to the representation of the
numerator term X.

Using [12, Lemmas 2 and 3], X and Y of DL expression
in (26) can be further simplified as follows:

X ∼ G(�x, �x) = G1,Y ∼ G(�y, �y
) =

6∑

i=2

Gi, (27)

4The Welch-Satterthwaite approximation is employed due to its adeptness
at handling complex data distributions and its adaptability for various sample
sizes, providing a more accurate estimation of outage probability for our
URLLC-enabled FD CF-mMIMO system model.

where

�x = E{X}2

V{X} , (28)

�y = E{Y}2

V{Y} , (29)

�x = V{X}
E{X} , (30)

�y = V{Y}
E{Y} . (31)

The expectation and variance of X are calculated as follows:

E{X} =
∑

m∈Md
k

�1�1, (32)

V{X} =
∑

m∈Md
k

�1�
2
1. (33)

Similarly, the expectation and variance of Y are calculated
in the (34) and (35), respectively, shown at the bottom
of the next page. Note that E{.} and V{.} represent the
expectation and variance of Gamma random variables, and
the UL expression in (26) can be simplified as similar
to the DL simplification. By considering �o

j ∈ {�d
k , �

u
l },

X ∈ G(�x, �x) and Y ∈ G(�y, �y), the CDF of the �o
j is

expressed as

F�oj
(b) = P

(
�o
j ≤ b

)
= P

(
X

Y
≤ b

)

=
∫ ∞

0

γ
(
�x,

by
�x

)

�(�x)

x�y−1e−x/�y
�
(
�y
)
�y

�y
dy, (36)

where �(.) is the gamma function and γ (.) is the upper
incomplete gamma function [32, eq. (6.5.3)]. Here, b denotes
the SINR threshold. Let I′ = ∫∞

0 γ (�x,
by
�x

)x�y−1e−x/�ydy.
By using the relation given in [33, eq. (6.455.1)], the integral
term I′ in (36) can be solved. Therefore, by using the
hypergeometric function 2F1, the closed-form expression for
the CDF F�oj

(b) is given by

F�oj
(b) = b�x�

(
�y + �x

)

�(�x)�
�x
x �

(
�y
)
�y

�y�x

(
b
�x

+ 1
�y

)�y+�x

Idk ∼
⎛

⎜
⎝

∑
m∈Md

k

∑
k∈kdm G

(
Nt,
(
Cmk√
Nt

)2
σ 2
emk

(
1 − ϕ

2(z−1)
mk

))
+∑m∈M

∑
q∈kdm\k G

(
1,
(
Cmkϕ

(z−1)
mk ϕ

(z−1)
mq

)2
)

+∑l∈ku G
(
1, μulβ

2
kl

)+∑m∈M
∑

q∈κdm
G
(

1,
(
ϕ

(z−1)
mk ϕ

(z−1)
mq Dmkq

)2)+∑m∈M
∑

q∈κdm
G
(

1,D2
mkq

)
+ σ 2

k

⎞

⎟
⎠, (24)

Iul ∼

⎛

⎜⎜⎜⎜⎜⎜
⎝

∑
m∈Mu

l

∑
q∈ku G

(
Nt,
(
Cml√
Nt

)2
σ 2
emk

(
1 − ϕ

2(z−1)
mk

))
+∑m∈Mu

l

∑
q∈ku\l G

(
1,
(
Dmlϕ

(z−1)
ml ϕ

(z−1)
mq

)2
)

+∑m∈Mu
l

∑M
i=1
∑

k∈κd
G(1,E2

mβmlβik
)+∑m∈Mu

l

∑M
i=1
∑

k∈κd
G
(

1,F2
mβmlβik

(
b̃− ã

)2
ηmk

)

+∑m∈Mu
l
G
(

1,G2
mσ 2

emnkϕ
2(z−1)
ml

)
+∑m∈Mu

l
G
(

1,
(
b̃− ã

)2
η2
mk

)

⎞

⎟⎟⎟⎟⎟⎟
⎠

. (25)
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×2F1

⎛

⎝1,�y + �x;�y + 1; 1/�y
b
�x

+ 1
�y

⎞

⎠. (37)

D. OUTAGE PROBABILITY (OP)
For the case of infinite block-length, the OP for the jth

VCU is defined as the probability such that �o
j falls below

a predefined threshold γth and is given by

P(j)
out.m = P

(
�o
j < γth

)
= F�oj

(γth ). (38)

Substituting (37) in (38), the final closed-form expression of
the OP is obtained as

P(j)
out.m = γth

�x�
(
�y + �x

)

�(�x)�x�x�
(
�y
)
�y

�y�y

(
γth
�x

+ 1
�y

)�y+�x

×2F1

⎛

⎝1,�y + �x;�y + 1; 1/�y
γth
�x

+ 1
�y

⎞

⎠. (39)

The derived outage probability expression highlights a
distinct relationship among system parameters, specifically
the signal-to-noise ratio, VCU density, and AP density.
Notably, under infinite power regime (asymptotic analysis5),
i.e., Pd → ∞ and Pu → ∞, it becomes evident from the
simulation results in Fig. 8 and Fig. 9 that the OP is notably
and inversely impacted by the density of APs.

E. BLOCK ERROR RATE (BLER)
For a finite block-length analysis, we consider each packet
transmission with b number of information bits over the g
number of channel uses. The coding rate rj = b/gj where j ∈
{k, l}, where gj specifically denotes the number of channel
uses for the jth link. Let εk and εl represent the BLER
of DL and UL links, respectively. When compared to a
deterministic channel with the same capacity, the channel’s
stochastic variability is measured by the channel dispersion
given by V(�o

j ) = (1− (1+�o
j ))

−2(log2(e))
2. It is observed

that εj can be tightly approximated as in [10] as εj(rj) ≈
E

{

Q(
C(�oj )−rj√
V(�oj )/gj

)

}

where C(�o
j ) = log2(1 + �o

j ) is the

5We adopt the asymptotic analysis which resembles that presented in [12].

Shannon capacity. It is mathematically intractable to evaluate
ε (i.e., εj(rj)) in closed form, and hence we use the linear

approximation of Q(
C(�oj )−rj√
V(�oj )/gj

) ≈ K(�o
j ) [10], as

K
(
�o
j

)
=

⎧
⎪⎪⎨

⎪⎪⎩

1, if �o
j ≤ ςj,

1
2 − φj

√
gj
(
�o
j − φj

)
, if ςj < �o

j < ξj,

0, if �o
j ≥ ξj,

(40)

where φj = 1

2π

√
22rj−1

, φj = 2rj − 1, ςj = φj − 1
2φj

√
gj
,

ξj = φj + 1
2φj

√
gj
.

We evaluate the BLER of link j as εj(rj) ≈ ∫∞
0 K(x)f�oj dx.

Thus,

εj
(
rj
) ≈

[
K(x)F�oj

]∞
0

−
∫ ∞

0
F�oj

(x)dK(x), (41)

where F{·} is the CDF. We further simplify εj through
the differentiation of K(x) and substituting it in (41)
as presented below εj(rj) ≈ φj

√
gj
∫ ξj
ςj
F�oj

(x) dx. Finally,
Gaussian-Chebyshev quadrature method [10] is applied on
εj to obtain the following

εj
(
rj
) =

(ξj − ςj

2

) Z∑

z=1

π

Z

√
1 − ∅2

zF�oj
(w) + RZ, (42)

where Z denotes accuracy-complexity trade-off parameter,
∅z = cos( (2z−1)π

2Z ),w = ((ξz + ςz)/2 + ∅z(ξz − ςz)/2),RZ
are the error terms (RZ = 0 for higher Z value). Finally, the
OP for the j and m links is defined as Pout.m = εj.m(γth) [10].
Thus, the OP for the devised system with URLLC can be
expressed as

P(j)
out.total =

M∏

m=1

εj.m(γth). (43)

The expression for the outage probability in (43) provides
key insights into the role of channel dispersion, coding rate,
and the accuracy-complexity trade-off in URLLC system
reliability. It’s worth noting that as depicted in Fig. 3, Fig. 4,
and Fig. 5, the outage probability demonstrates a notable
decline with an increase in the parameter M, highlighting
the positive impact of higher M values on system reliability.

E{Y} =
6∑

i=2

E{Gi} =
∑

m∈Md
k

∑

k∈kdm
�2�2 +

∑

m∈M

∑

q∈kdm
�3�3 +

∑

l∈ku
�4�4

+
∑

m∈M

∑

q∈kdm
�5�5 +

∑

m∈M

∑

q∈kdm
�6�6, (34)

V{Y} =
6∑

i=2

V{Gi} =
∑

m∈Md
k

∑

k∈kdm
�2�

2
2 +

∑

m∈M

∑

q∈kdm
�3�

2
3 +

∑

l∈ku
�4�

2
4

+
∑

m∈M

∑

q∈kdm
�5�

2
5 +

∑

m∈M

∑

q∈kdm
�6�

2
6. (35)
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F. ASYMPTOTIC ANALYSIS (M → ∞, N → ∞)
We first consider the UL transmission (15). Using (8), we
can write

M∑

m=1

√
�q
(
ĝum�

)Hgumq

= ã
∑

m∈Mu
l

√
�lβmlβmqρ

2(z−1)
ml

(
ĝuml(1)

)H ĝumq(1)

+ã
∑

m∈Mu
l

√
�l(φml(1))Hφ̂mq(1). (44)

From (44) and Tchebyshev’s theorem [34]

1

M
DSu� − 1

M

(
ã
√
NtPu�l√
kul

ρ
2(z−1)
ml

)
P→

M,N→∞ 0, (45)

1

M
IUIu�

P→
M,N→∞ 0, (46)

1

M
Wu

�

P→
M,N→∞ 0, (47)

1

M
TQDu

l
P→

M,N→∞ 0, (48)

where DSu�, IUI
u
�, Nu

�, and TQDu
l are given in (15), and

P→
M,N→∞ denotes the convergence in probability when

M,N → ∞. Similarly, we have RIu� from (15) as RIu� =
ã
∑

m∈Mu
l

∑M
i=1

√
Pd
∑

k∈κdi
(ĝuml)

HHmi(ĝdik)
∗(ã√ηiksdk+ςdik).

Let us consider RI′ = ã(ĝuml)
HHmi(ĝdik)

∗(ã√ηiksdk + ςdik),
which is a zero-expectation random variable and its variance
is calculated as V(RI′) = σ 2

RI,mik(ãηik + (b̃ − ã2)). Using
RIu� and V(RI′), and applying Lyapunov central limit
theorem [34], we get

1

M
RIu�

d→
M,N→∞

1

M

√
Pd

∑

k∈Kd

√√√√
M∑

m=1

∑

i∈M
σ 2
RI,mik

(
ãηik +

(
b̃− ã2

))
zks

d
k , (49)

where small
d→

M,N→∞ denotes convergence in distribution

when M,N → ∞ and zk is a CN (0, 1) RV. Similar
results hold for the DL transmission as small 1

MDSdk −
1
M (

ã
√
NtPdηmk√

κdm
ρ

2(z−1)
mk )

P→
M,N→∞ 0, 1

M IUIdk
P→

M,N→∞ 0,

1
MTQDd

k
P→

M,N→∞ 0, 1
M UDIdk

P→
M,N→∞ 0. It can be seen

from (46)-(49) that when M,N → ∞, the channels between
the APs and the UEs become orthogonal. Using conjugate
beamforming and matched filtering, the RI persists while
multi-UE interferences and noise disappear. Therefore, the RI
is the main limitation of the CF-mMIMO systems. However,
this limitation can be overcome by choosing an appropriate
power control method. Now, we use Lindeberg-Lévy central
limit theorem (CLT) [34], which is a stronger version of the
CLT to analyze the convergence of the sum of i.i.d. random
variables of RIu�. Note that, all the i.i.d. random variables
of RIu� are with finite mean and variance and thus its sum

TABLE 3. Simulation parameters.

converges in distribution to a standard normal distribution
as M,N → ∞. Therefore, using Lindeberg-Lévy CLT and
Tchebyshev’s theorem along with ηmk in (49), we can write

1

M
RIu�

d→
M,N→∞

1

M3/2

√
Pd
∑

k∈Kd

ẑks
d
k →
M,N→∞ 0, (50)

1√
M
DSdk

P→
M,N→∞ 0, (51)

where ẑk ∼ CN (0,

∑M
m=1

∑
i∈M σ 2

RI, mik∑
k∈Kd

σ 2
g̃dmk

). Here, (50) and (51)

demonstrate that as M,N → ∞, by scaling the power
coefficients appropriately, the RI can be mitigated while the
DL transmission is not significantly affected.

IV. SIMULATION RESULTS
This section presents the OP for the devised system for
varying K, Pd, N, and M. We assume all the M APs and
K VCUs are randomly distributed over a square of area
D×D km2. Table 3 outlines the simulation parameters used
in numerical results.
Fig. 2 demonstrates the impact of DL power (Pd) on

OP for FD-UL and FD-DL by considering the Rectangular
DPS model [11] and K = 40. Because of the increased
DL SINR, the FD-DL OP is more effective at raising Pd.
On the other hand, a considerable increase in residual self-
interference (RSI) power causes FD-UL outage performance
to diminish as Pd rises. Additionally, it has been noted that
the performance during outages of FD-UL and FD-DL has
significantly improved due to the diversity gain achieved by
increasing M. For instance, when M doubles in FD-UL at
Pd = 0.1 watts, OP reduces by 50.617%, enhancing URLLC
UL reliability. In FD-DL, this results in an 84.114% OP
decrease, strengthening the DL for URLLC’s critical tasks.
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FIGURE 2. Effect of Pd on FD OP of the system for varying M .

FIGURE 3. Effect of CSI and mobility on the OP of the system.

Fig. 3 depicts the effect of the VCU mobility on the OP
of the proposed system for different values of M considering
both the imperfect CSI and perfect CSI scenarios. The CEE
for the nth antenna of the mth AP to the kth VCU channel
is defined as CEE = E[||hmn − ĥk||2], where ĥk indicates
the estimated channel response corresponding to the exact
channel response hk, k ∈ {1, 2, 3, . . . ,K}. Compared to the
perfect CSI, imperfect CSI with 20% CEE [10] degrades
the OP significantly. Expectedly, the outage performance
improves with an increase in the M, evincing the benefit of
deploying a large number of distributed APs, which provides
an adequate SINR to all VCUs. Further, the impact of
VCU mobility can be observed in imperfect and perfect
cases. As the time-selective fading does not impact the
immobile VCUs, the outage performance is significantly
better compared to the system involving consistent-speed
VCUs. The system with immobile VCUs under the perfect
CSI benefits from the minimal handover delay, whereas the
system performance with mobile VCUs under an imperfect
CSI scenario deteriorates as a result of handover delays.

FIGURE 4. Impact of different DPS models and time-selective fading.

In Fig. 4, we present an analysis of the impact of various
DPS models namely, Gaussian DPS, Uniform DPS, and
Rectangular DPS, on the OP for the proposed system.
Considering VCUs in motion at consistent speed, i.e.,
30 mph, the Rectangular DPS model exhibits superior
performance compared to the Uniform and Gaussian DPS
models concerning outage performance. For M =120 for
FD-DL, we observe that the Rectangular DPS model has a
1 × 10−9 lower outage probability compared to the Uniform
DPS model and 8.9 × 10−8 lower outage probability
compared to the Gaussian DPS model. This disparity can be
attributed to the diverse fading characteristics introduced by
the Rectangular DPS model, which enables improved chan-
nel conditions for certain instances, enhancing the system’s
reliability. For M = 120, we observe that the Uniform
DPS model has a 8.8 × 10−8 lower outage probability
compared to the Gaussian DPS model because Uniform DPS
introduces a wider range of Doppler shifts, accommodating
a broader spectrum of potential signal variations due to VCU
motion. This diversity can sometimes mitigate fading and
interference, resulting in a more favorable OP compared to
Gaussian DPS. Furthermore, an interesting trend emerges as
the number of UL and DL VCUs increases. The system’s OP
degrades due to diminishing SINR, driven by the intensified
interference from more active VCUs contending for limited
resources. A similar OP trend is observed in FD-UL
transmission. When the VCUs are stationary, corresponding
to a velocity of 0 mph, the Doppler shift effect is eliminated.
Consequently, the Rectangular, Uniform, and Gaussian DPS
models all converge to a similar performance regarding
OP. This is because, at 0 mph, the DPS models do not
introduce any frequency dispersion caused by mobility, and
thus, the fading characteristics are solely determined by the
static channel conditions. As such, the previously observed
disparities in OP among different DPS models mph for FD-
DL and FD-UL transmissions are no longer present. The OP
becomes independent of the DPS model used, as the channel
conditions are not affected by the VCU mobility. Therefore,
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FIGURE 5. Effect of fronthaul quantization parameters on the OP of the system.

the analysis in static conditions simplifies the evaluation of
the system’s performance, as the choice of the DPS model
does not influence the OP.
The performance impact of confined fronthaul quantiza-

tion parameters is illustrated in Fig. 5. The optimized values
of the ã and σ̃ 2

e for the devised system are obtained from
the [16, Table 2]. There are a few interesting observations
revealed by the results of Fig. 5, which are discussed as
follows. Based on the {ã, σ̃ 2

e } values, there exist three
optimized sets that constitute three different cases. Case 1:
Worse outage performance is seen for higher σ̃ 2

e and lower ã,
i.e., {ãlow = 0.8815, σ̃ 2

ehigh = 0.10472}. Case 2: A moderate
system performance is noticed for high ã and low σ̃ 2

e , i.e.,
{ ãhigh = 0.998, σ̃ 2

elow = 0.0010389}. Case 3: The best
outage performance is found for the moderate value of ã
and moderate σ̃ 2

e , i.e., {ãmod = 0.96256, σ̃ 2
emod = 0.036037}.

Overall, we deduce that the moderate case of the optimal set
of parameters taken into consideration (i.e., Case 3) offers
improved outage performance under an immobile VCU sce-
nario. These insights highlight the significance of carefully
selecting these parameters to enhance system performance.
Fig. 6 compares the UL and DL outage performances

of the devised system against K. The observed trend in
the outage performances across increasing values of K
can be attributed to the intricate interplay between signal
quality, interference, and resource availability. As K rises, the
network experiences a higher concentration of active VCUs,
resulting in intensified interference due to simultaneous
transmissions. This increased interference adversely affects
the SINR, subsequently causing a reduction in the achievable
data rates. As SINR diminishes, the likelihood of successful
communication decreases, leading to an elevated OP. This
trend underscores the challenge of maintaining reliable links
in congested scenarios. Conversely, when the number of APs
serving fewer VCUs increases, resource allocation becomes
more efficient, and interference is mitigated, leading to
improved SINR, data rates, and consequently reduced OP.
This phenomenon emphasizes the importance of judiciously

FIGURE 6. OP of FD-UL and FD-DL for varying number of VCUs (K ).

FIGURE 7. Impact of N and M on the OP of the proposed system.

managing network density and resource allocation to ensure
reliable vehicular communication, especially under challeng-
ing conditions.
Figure 7 portrays a pivotal analysis of the impact of

the number of APs and the number of antennas at each
AP on the system’s outage performance. Two significant
observations emerge. Firstly, an increase in the number of
antennas, denoted as N, results in elevated signal power. This
phenomenon contributes to a notable reduction in the outage
probabilities for both UL and DL transmissions. This is
primarily attributed to the augmented signal strength, which
improves the overall communication reliability. Secondly,
the interplay between the number of antennas and system
performance becomes more nuanced. With an increase in
the number of antennas, represented by M, the system
experiences enhanced diversity gain. This gain is a con-
sequence of exploiting multiple antennas to mitigate the
adverse effects of fading and interference. Consequently, the
OP diminishes further due to the improved resilience against
signal degradation. However, an essential consideration
arises due to the simultaneous presence of self-interference
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FIGURE 8. Asymptotic analysis of the OP of the proposed system for varying M
under mobility case.

FIGURE 9. Asymptotic analysis of the OP of the proposed system for varying M
under immobility case.

(SI) in the UL and UDI in the DL. The introduction of SI
in the UL and UDI in the DL has contrasting effects on the
system’s performance. Notably, the influence of SI in the
UL is more pronounced than the impact of UDI in the DL.
This asymmetry leads to a discernible reduction in the UL
outage performance.
In Figs. 8 and 9, the trend in the OP for the devised

system’s mobility and immobility cases can be categorized
into four distinct patterns, each of which can be elucidated
as follows: 1) Increase in APs: The rise in the number of
APs within the designated geographical area contributes to
elevated SINR levels for all VCUs, resulting in improved
communication conditions. Consequently, the system’s out-
age performance experiences enhancement as more APs are
available to cater to a larger number of VCUs. 2) Impact
of Imperfect CSI: Comparing systems with perfect and
imperfect CSI, the presence of imperfect CSI negatively
affects the outage performance. Imperfect CSI leads to
suboptimal resource allocation and signal processing, causing

FIGURE 10. Effect of FD and HD OP of the system for varying RI values.

increased interference levels and reduced SINR. This, in
turn, contributes to a degraded outage performance compared
to scenarios where perfect CSI is assumed. 3) Asymptotic
convergence: Notably, the convergence of asymptotic curves
for a higher number of APs signifies the positive influence
of enhanced diversity gain. The accumulation of multiple
diverse signal paths due to increased APs enables improved
signal reception, thereby mitigating the effects of fading and
interference. This advantageous diversity gain reinforces the
convergence of asymptotic curves, signifying better outage
performance. 4) Effect of mobility: For immobile VCUs, the
influence of time-selective fading becomes prominent. As
the fading effect remains relatively constant over time due
to limited mobility, the asymptotic curves converge more
rapidly in the immobility case. This accelerated convergence
reflects the consistent fading characteristics experienced by
immobile VCUs, leading to quicker stabilization of commu-
nication conditions and convergence of outage probabilities.
Fig. 10 depicts the trend in the FD OP and HD OP for the

devised system for varying RI values considering different
shadow correlation values, i.e., δ = 0.8 and δ = 0.4. As RI
increases, the FD OP also increases, indicating deteriorating
system performance. The reason for this trend is due to
fact that with higher RI, there is an increase in interference,
which leads to more collisions and degradation in the quality
of received signals in FD mode. This effect is particularly
pronounced as the system tries to simultaneously transmit
and receive on the same frequency band, causing self-
interference to become more detrimental to signal detection
and decoding. In contrast, there is no RI in the HD
scheme, leading to constant performance across different RI
values. Since HD mode alternates between transmission and
reception, there is no concurrent transmission and reception
occurring, thus eliminating the issue of self-interference.
As a result, the system performance remains unaffected
by changes in RI. For δ = 0.8, HD mode consistently
exhibits higher outage probabilities than FD mode when RI
is less than 10 dB. This phenomenon can be explained by
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FIGURE 11. Effect of time-selective fading, CEE and pilot contamination.

considering the impact of channel correlation. In highly
correlated channels (large δ), the interference in HD mode
becomes more significant due to the constructive interference
caused by correlated fading, resulting in higher outage
probabilities compared to FD mode. Similarly, for δ = 0.4,
HD mode consistently shows higher outage probabilities than
FD mode when RI is less than 13 dB. Again, the increased
outage probabilities in HD mode can be attributed to the
detrimental effects of correlated fading, which exacerbates
interference and reduces the system’s robustness against RI.
Fig. 11 depicts the impact of time-selective fading and

CEE on the FD-UL OP and FD-DL OP of the proposed
system for a fixed number of pilots (τp), i.e., 15. The figure
presents a scenario where the velocity of VCUs is fixed
at 30 mph, representing a moderate level of time-selective
fading due to VCU mobility. This fading is characterized
by variations in the channel’s amplitude and phase caused
by the Doppler effect. The analysis includes two levels of
CEE: 0% and 30%. In the case of CEE = 0%, it is assumed
that the MMSE channel estimation technique is employed,
resulting in a highly accurate estimation of the actual channel
conditions. The number of pilots is fixed at 15, which is
insufficient to serve all VCUs uniquely, leading to pilot
contamination. This contamination occurs when the same
pilot signals are used by multiple VCUs, causing interference
that degrades the quality of channel estimation. For both
FD-UL and FD-DL, the figure likely shows an upward trend
in OP with an increasing number of VCUs. This trend
is more pronounced at 30% CEE compared to 0% CEE,
indicating that higher estimation errors significantly affect
system performance. The curves for FD-UL and FD-DL may
differ slightly due to the inherent differences in uplink and
downlink operations, such as power control and interference
management. The analysis also highlights the compounded
effect of time-selective fading and CEE on OP. With 30 mph
VCU velocity, the time-selective fading introduces additional
variability in the channel, which, when combined with CEE,
results in a higher OP. This suggests that in environments

with high mobility and significant CEEs, the system’s ability
to maintain reliable communication is severely challenged.

V. CONCLUSION
In this study, we explored the outage performance of a
URLLC-enabled FD-CFm-MIMO system, integrating uni-
form quantization and realistic confined fronthaul links
while accounting for VCU mobility and imperfect CSI
scenarios. Leveraging the Welch-Satterthwaite approxima-
tion, we formulated a closed-form expression for OP and
compared the system’s results against its asymptotic outage
metrics. Our analysis further encompassed the impact of
imperfect CSI, pilot contamination, fronthaul quantization,
and VCU mobility across diverse DPS models on the
system’s outage performance. Simulations underscored the
system’s bolstered outage performance with an augmented
number of APs, antennas per AP, and a diminished number
of VCUs. We observed that doubling the number of APs
reduces FD-UL’s OP by 50.617% and FD-DL’s by 84.114%,
improving URLLC reliability. Moreover, with VCUs in
motion at a consistent speed of 30 mph and for M =
120, the Rectangular DPS model exhibits superior outage
performance, with 1 × 10−9 lower probability compared to
Uniform DPS and 8.9×10−8 lower probability compared to
Gaussian DPS, attributed to its diverse fading characteristics.
We also observed that the compounded effects of time-
selective fading and CEE, particularly in high mobility
scenarios, suggest a significant challenge in maintaining
reliable communication. We compared the results of FD
CFm-MIMO system with the benchmark HD CFm-MIMO
system. It is observed that, at (δ = 0.8), HD mode showed
higher OP than FD mode for RI below 10 dB, while at
(δ = 0.4), HD mode’s OP exceeds FD mode’s for RI below
13 dB, underscoring the influence of channel correlation
on system robustness. Moreover, our findings also revealed
that the choice of moderate parameter values for ã and σ̃ 2

e
(Case 3) is significant in enhancing the system performance.
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