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ABSTRACT Ultra-Reliable Low Latency Communication (URLLC) is a newly introduced service class
targeting emerging Internet-of-Things (IoT) application scenarios. This paper assumes an interference-
limited Fog Radio Access Network (F-RAN) setup composed of multiple Remote Radio Heads (RRHs)
equipped with multiple antennas serving single-antenna users. F-RAN facilitates collaborative solutions
while reducing delay by pushing the network capabilities beyond the edge. By leveraging diversity, RRHs
may cooperate through silencing, reducing interference, or joint transmission strategies such as maximal
ratio transmission. We derive closed-form outage probability expressions and attain their diversity gain.
We validate the derived analytical results through extensive numerical simulations. Furthermore, we propose
a mini-slots-based scheduling framework to serve URLLC users within their fixed latency budget. In an
interference-limited regime with the proposed scheduling framework, we show that a performance gain is
superior when RRHs cooperate compared to when they do not. We briefly discuss the cost of reliability,
i.e., the impact on the system’s average sum throughput under cooperation. Moreover, numerical results
verify that cooperating transmission schemes boost transmission reliability with a significantly improved
latency performance at the cost of reduced system’s average sum throughput.

INDEX TERMS Diversity, F-RAN, maximal ratio transmission, machine-type communication, multi-
connectivity, reliability, scheduling, silencing, ultra-reliable low latency communication.

I. INTRODUCTION
Many emerging applications in the domain of the Internet
of Things (IoT) require efficient machine-type communi-
cations (MTC) to interconnect wirelessly without the need
for human intervention [1]. Indeed, fifth-generation (5G)
wireless communication systems have categorized MTC to
address two main services: massive MTC (mMTC) and
URLLC [2]. In this work, we focus on the URLLC, which
is the service class aiming to meet stringent reliability and
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latency requirements in 5G New Radio (NR) [3]. In this
context, several mission-critical applications require URLLC
services, e.g., factory automation [4], process automation [4],
intelligent transportation systems [4], automated guided vehi-
cles (AGV) [5] and smart grids [6]. These applications require
high reliability (e.g., 10−5 to 10−9 outage probability depend-
ing upon the application) and simultaneously latency budgets
of few milliseconds [6].

We can study URLLC from two aspects: Ultra-Reliable
Communication (URC) and Low-Latency Communication
(LLC). URC technique is possible via diversity, including
Multi-Connectivity (MC) and robust physical layer design.
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In contrast, LLC via flexible numerology, grant free instant
uplink, and fast processing [7]. Some significant challenges
and critical technology components related to ultra-reliability
are enhanced control channel reliability, link adaptation,
interference mitigation, and coexistence with other higher
data rate services such as Enhanced Mobile Broadband
(eMBB) [8]. However, the interplay between the diverse
URLLC requirementsmakes the physical layer design of such
systems highly complex [9].

MC is identified as a critical URLLC enabler in 5G sys-
tems. MC adopts spatial diversity, which can be enabled via
centralized processing in the F-RAN architecture to ensure
ultra-reliability through collaborative solutions [10]. In the
Fog Radio Access Networks (F-RAN), a large amount of
signal processing and computing is performed in a distributed
manner. At the same time, Access Points (APs), e.g., RRHs
or fog APs, integrate radio frequency and signal processing
functionalities which are beneficial for interference manage-
ment and radio resource allocations [11]. APs are connected
to a Centralized Unit (CU) in the fronthaul via high-speed
optical fiber links that can support low latency and high
capacity communication, both of which lead to improving
network performance [12]. F-RAN has four modes of opera-
tions: global centralized mode, locally distributed mode, high
power node mode, and device-to-device mode. We focus on
the F-RAN enabled global centralized mode where collab-
orative radio signal processing and radio resource manage-
ment functions are implemented centrally at the Baseband
Unit (BBU) pool [13].

This paper aims to establish an MC framework through
RRH cooperation strategies enabled by F-RAN. The pro-
posed F-RANmodel presented in this paper represents indoor
Industrial IoT (IIoT) scenarios and is similar to the one con-
sidered by 3GPP Release 16 [14]. For example, the factory
setting scenario consists of CU with BBU as a controller
that enables the F-RAN with storage and computation capa-
bilities at the edge and the User Equipment (UE) as an
actuator. We exploit MC through the Maximum Ratio Trans-
mission (MRT) scheme or reducing interference through
silencing in interference-limited downlink cellular networks.

A. RELATED LITERATURE
Much literature related to URLLC appeared after the seminal
work by Popvoski [15]. Furthermore, Popvoski et al., dis-
cuss the communication theoretic principles for supporting
URLLC in [16], [17], such as the use of various diversity
resources, design of packets, and access protocols. In [18],
the authors investigate different diversity sources, e.g., time,
frequency, and space, to meet the challenging requirements
of URLLC. However, due to critical latency and bandwidth
constraints of IoT applications, the diversity gain from the
frequency and time domains are very limited to overcome
the possible deep fading caused by shadowing [19]. Hence,
spatial diversity may often be more attractive.

The authors in [20] detail the comprehensive study and
importance of spatial diversity in wireless communication.

In spatial diversity, multiple antennas are physically separated
from each other transmit to the user. MC adopts spatial diver-
sity where more than one connection jointly serves the UE.
The basic idea is to send replicas of the samemessage through
more than one link. If one of them is decoded successfully,
then the packet is received [21]. For instance, [22] studies
MC as one of the sources to improve reliability, enabling
the transmission of redundant data through multiple links
using standard diversity schemes like joint decoding, selec-
tion combining, and maximum ratio combining. In [23], [24],
the authors study the potential of diversity and interference
management techniques to achieve ultra-reliability operation.
Furthermore, [25] proposes to interface diversity where each
interface is based on different technologies to offer URLLC
without intervention in baseband/physical layer design. Also,
cooperative diversity emerges as a workable alternative to
direct communication [26]. On the other hand, such reliability
gain comes at the cost of transmission of redundant packets,
leading to an increase in radio-resource consumption [27].
In [28], the authors propose an MC concept in edge RAN to
reduce mobility-related link failures and cell-edge degrada-
tion. Likewise, [29] discusses centralized RAN technology to
support URLLC, lowering the traffic latency by a functional
split of the central and radio units. The primary key difference
between cloud and fog networking is that data is processed at
the edge nodes in the latter. In contrast, in the former, the data
is processed at CU.

Furthermore, the flexible 5G frame structure and numerol-
ogy in 5G NR provides a scalable and configurable air
interface design to support low-latency transmissions with
the mini-slots down to two symbols in duration as defined
by 3GPP Release 15 [30]. Different works [31]–[34] adopt
the concept of mini-slot transmission to satisfy latency con-
straints for URLLC while proposing different scheduling and
resource utilization techniques in multi-cell 5G networks.

In this study, we also adopt the concept of a mini slots-
based URLLC user scheduling framework to reduce the data
Transmission Time Interval (TTI) and schedule the URLLC
users within the target latency budget. The main difference
with the works above is that we analyze the system per-
formance in an interference-limited scenario with differ-
ent modes of cooperative transmission schemes enabled by
F-RAN and discuss cooperation gain. Although this paper
exhibits some similarities in the system model assumptions
concerning [22], herein, we pay close attention to spatial
diversity methods considering interference and cooperation
of spatially distributed RRHs enabled by the F-RAN.

B. OUR CONTRIBUTIONS
There are three significant technical challenges from a phys-
ical layer URLLC system design perspective. They are first,
minimizing the system overhead in terms of channel access,
user scheduling, and allocation of resources. Second, outage
probability should be reduced in the first transmission as
retransmission can affect the latency. Third, the transmission
of URLLC packets as soon as possible to reduce latency.
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Therefore, this paper aims to design an F-RAN framework
to serve a low-latency UE with an ultra-reliable transmission
scheme in an interference-limited downlink scenario. The
main contributions of this article are summarized as follows:
• We identify and analyze diversity techniques like silenc-
ing and MRT schemes for URC in an interference-
limited downlink communications scenario. A network
with fully connected RRHs, i.e., a global centralized
mode, is assumed where all the RRHs are connected
to CU where RRHs might cooperate or may not their
transmission through BBU pool. We analytically formu-
late the system reliability in terms of outage probability
when RRHs cooperate through BBU via silencing or
MRT. Exact closed-form outage probability expressions
are attained, and we verify them through numerical sim-
ulations. We show the superiority of MRT over silenc-
ing, mainly supported by the fact that a smaller number
of cooperating RRHs are required to achieve the desired
reliability.

• In addition, we study the asymptotic behaviour of outage
probability for MRT and silencing scheme in terms of
diversity gain. The analysis shows that the MRT scheme
provides k + 1 times higher diversity gain than the
silencing scheme under cooperation.

• We propose a mini slots-based scheduling framework
to serve URLLC users within their latency budget.
We discuss performance gains of different transmis-
sion schemes in terms of percentage of user served,
mean latency, and the average number of transmission/
cooperation through extensive computer-level simula-
tions. We show that adopted MRT and silencing coop-
eration schemes reduce the interference on F-RAN and
enhance the network performance by successfully serv-
ing a higher number of URLLC users active at random
positions within the given area.

• Finally, we discuss the impact of cooperation on over-
all network performance by analyzing the trade-off
between average system sum throughput and reliabil-
ity through computer-level simulations for MRT and
silencing schemes. We show that with cooperation, both
schemes achieve URC operation while the system’s
average sum throughput gradually decreases.

Section II introduces the system model. Section III details
the investigated transmission schemes, and provides signal-
to-interference ratio (SIR) derivations. Section IV provides
the outage probability formulation and throughput reliability
trade-off analysis, while Section V presents the scheduling
framework. Section VI shows performance evaluation and
results. Finally, Section VII concludes the paper.

Table 1 provide the list of acronyms used throughout in
this paper in an alphabetical order. Throughout this paper, the
superscriptH denotes the complex conjugate transpose, and a
boldface lowercase letter denotes a column vector. C denotes
complex domain. ||a|| denotes the norm of complex val-
ued vector a, i.e., ||a|| =

√
aHa, while E[·] denotes the

expectation operation and 0(.) denotes the gamma function.

TABLE 1. Table of acronyms.

TABLE 2. Summary of notations.

Uppercase and lowercase letters denote random vari-
ables (RVs) and their realizations. The probability density
function (PDF) and cumulative distribution function (CDF)
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of RV X is denoted byfX (x) and FX (x), respectively. For ease
of reference, Table 2 summarizes all the important notations
used throughout this paper.

FIGURE 1. Illustration of the system architecture of F-RAN in global
centralized mode with a typical link and N = 10 interfering RRHs.

II. SYSTEM MODEL
We consider an F-RAN system model as illustrated in Fig. 1,
where all RRHs are connected to an edge cloud consisting of
a baseband unit (BBU) pool via fronthaul links with the high-
bandwidth and low latency communication. We assume that
all RRHs are using the same spectrum resources (i.e., time
and frequency) when transmitting to their corresponding
UEs. In the setup, we assume that N + 1 RRHs, i.e., RRH0,
RRH1, . . . , RRHN are spatially distributed in a given area
A⊆ R2. The link between RRH0 and UE0 is considered as
a typical link . Meanwhile, the link from other RRHi to UE0
for all i∈{1, . . . ,N } can be interfering or cooperating links to
the typical link. We consider cooperating links when several
RRHs cooperate to the typical link in transmission to the UE0
while the rest of the RRHs are interfering to the typical link
are interfering links.

We assume that RRHs are equipped with Mt transmit
antennas and UE with single antenna. Let di,j and wi,j ∈

CMt×1 denote the distance and transmit beamformer from
RRHi to UEj, respectively. Furthermore, let hi,j ∈ CMt×1

denote the channel vector (small-scale fading) between
RRHi to UEj. Then, the received signal vector at jth UE is
expressed as

rj = d
−α
2

0,j hH0,jw0,jsj︸ ︷︷ ︸
typical link

+

k∑
c=1

d
−α
2

c,j hHc,jwc,jsj︸ ︷︷ ︸
cooperating links

+

N∑
i=k+1

d
−α
2

i,j hHi,jwi,isi︸ ︷︷ ︸
interfering links

+ zj, (1)

where α is a path loss exponent, sj is the information symbol,
and zj is circular symmetric complex Gaussian noise vector.
Also (1) assumes that k closest RRHs are cooperatingwith the
transmission of the typical link, and the rest of the RRHs are
interferers. Note that k is the number of cooperating RRHs.
Furthermore, assuming a dense RRHs deployment, we can
neglect the noise impact since interference is dominant [35].
Hence, in the subsequent analysis of this paper, we neglect
the noise.

FIGURE 2. Mode of transmission with/without RRHs’ cooperation.

III. TRANSMISSION SCHEMES AND SIR DERIVATION
We analyze the typical link performance when F-RAN oper-
ates under two modes when serving the UEs.
• without cooperation:As shown in Fig 2(a), the interfer-
ing RRHs do not cooperate with the typical link through
F-RAN BBU, and each RRH transmits to its own UE.
Under this condition, each UE experiences full interfer-
ence from neighboring RRHs.

• cooperation: In this mode, neighboring RRHs cooper-
ate with the typical link through the F-RAN BBU pool
to serve the desired UE to fulfill user-centric objectives
like high reliability and low latency. The main benefit of
the F-RAN framework enables multi-point transmission
and cooperative solutions which coordinate data trans-
mission to the typical UE pushing network capabilities
beyond the edge, reducing the delay, leveraging less
burden on the BBU pool.

In the cooperation mode, we consider one of the following
transmission strategies to serve the desired UE:
• Silencing: F-RAN silences some of the strongest inter-
ferings RRHs to mitigate the interference at the refer-
ence user, as shown in Fig. 2(b). At a silenced RRH,
the data channel, control channel, and reference signals
are entirely turned off, which enhances the reliability of
a typical link as silencing or muting a strong interferer
helps to boost the SIR in the victim cell, and it has been
proposed for 5G [36], [37].

• MRT: Several RRHs jointly coordinate the transmis-
sion to the reference UE, as shown in Fig. 2(c). The
duplicate packets are sent from multiple RRHs indepen-
dently, which gives redundancy against fading, blocking,
or radio link failure [38]. The joint transmission through
MRT gives the best reception reliability enabling multi-
point MC. Also, sending the same message through
independent transmissions from multiple RRHs saves
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resources, which are very limited due to the stringent
latency constraints in URLLC.

Similar to the work in [39] for the above-mentioned trans-
mission schemes, we assume that each data packet is trans-
mitted once to enable low latency transmission (i.e., one-shot
transmission is considered from RRH to the desired UE.).
The optimal beamformers are computed by conjugate beam-
forming, assuming local Channel State Information (CSI) at
each RRH, which avoids explicit control and extra signalling
information exchange among cooperating RRHs. Thus, the
aforementioned schemes do not incur signalling and hence
are feasible for upcoming 5G systems and services [40].
We focus our attention on the above transmission schemes
to enhance the reliability of the considered F-RAN system.
Next, we derive the SIR received at the desired UE for the
above-mentioned transmission schemes.

A. SILENCING
Here, the RRH0 is the only one serving the UE0. At the
same time, k cooperating RRHs remain silent during the
corresponding transmission slots, and the remaining non-
cooperating RRHs are interfering. Then from (1) the received
signal at UE0 can be expressed as

r0 = d
−
α
2

0,0 hH0,0w0,0s0︸ ︷︷ ︸
typical link

+

N∑
i=k+1

d
−
α
2

i,0 hHi,0wi,isi︸ ︷︷ ︸
interfering links

. (2)

Thus, the SIR received at desired UE0 using the silencing
scheme is given by

γS =

Es0

[ ∣∣∣∣hH0,0w0,0s0d
−
α
2

0,0

∣∣∣∣ ]2
Esi
[ ∣∣∣∣∑N

i=k+1 h
H
i,0wi,isid

−
α
2

i,0

∣∣∣∣ ]2
(a)
=

∣∣∣hH0,0 h0,0
||h0,0||

∣∣∣2 d−α0,0∑N
i=k+1

∣∣∣hHi,0 hi,i
||hi,i||

∣∣∣2 d−αi,0
=

||h0,0||2d−α0,0∑N
i=k+1

∣∣∣hHi,0 hi,i
||hi,i||

∣∣∣2 d−αi,0 , (3)

where (a) comes after algebraic simplification and assuming
E[|s0|2] = E[|si|2] = 1, we obtain (3).

B. MRT
Here the RRH0 and k cooperating RRHs transmit simulta-
neously the same signal to the UE0 while the remaining non-
cooperating RRHs are interfering. Similar to [41], we assume
that full channel state information (CSI) is available at cen-
tralized BBU. Then from (1) the received signal vector at UE0

can be written as

r0 =
k∑
c=0

d
−
α
2

c,0 hHc,0wc,0s0︸ ︷︷ ︸
desired links

+

N∑
i=k+1

d
−
α
2

i,0 hHi,0wi,isi︸ ︷︷ ︸
interfering links

. (4)

Therefore, following the same procedure to attain (3), SIR
perceived at UE0 using MRT is given by

γMRT =

Es0

[ ∣∣∣∣∑k
c=0 h

H
c,0wc,0s0d

−
α
2

c,0

∣∣∣∣ ]2
Esi
[ ∣∣∣∣∑N

i=k+1 h
H
i,0wi,isid

−
α
2

i,0

∣∣∣∣ ]2
=

∑k
c=0 ||hc,0||

2d−αc,0∑N
i=k+1

∣∣∣hHi,0 hi,i
||hi,i||

∣∣∣2 d−αi,0 . (5)

IV. PERFORMANCE ANALYSIS
This section derives an analytical expression of the outage
probability for the considered transmission schemes. Similar
to the works in [16], [22], [42], we analyze the network
performance in terms of outage probability as the critical
performancemetric evaluating the CDF of SIR derived earlier
in Section III and defined as the probability that UE is in
outage if

Fγρ (θ ) = P{γρ < θ} (6)

where ρ ∈ {S,MRT} and θ is an SIR threshold. We focus on
the outage model defined in (6) which meets the definition
of reliability in the context of URLLC, which states that a
system can assure the URLLC requirements only if it can sat-
isfy the required reliability level within the target latency bud-
get [43]. For this reason, we analyze the system performance
in terms of reliability, i.e., (1 − outage probability) for both
considered transmission schemes. We also study the impact
on system performance with throughput-reliability trade-off
when RRHs cooperate to attain the URLLC target reliability
level for the desired user. Instead of the end-to-end latency,
in this work, we consider data transmission latency which
is the time duration of generated URLLC packet delivered
successfully to the intended UE.

A. OUTAGE PROBABILITY
We proceed to calculate the outage probability by evaluating
the CDF of SIR from (6) as

Fγρ (θ ) = P{γρ < θ} = P
{X
Y
< θ

}
= P

{
Y >

X
θ

}
=

∫
∞

0
fX (x)

∫
∞

x
θ

fY (y)dydx, (7)

where X ,
∑k

c=0 ||hc,0||
2d−αc,0 for all c ∈ {0, . . . , k}, and

Y ,
∑N

i=k+1

∣∣∣hHi,0 hi,i
||hi,i||

∣∣∣2 d−αi,0 are the corresponding SIR for

desired links and interfering links obtained in (3) and (5).
We assume that the channels coefficients of hi,j are indepen-
dent, complex Gaussian normally distributed RVs with zero
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mean and variance, which includes the effects of path loss
i.e., hi,j ∼ CN (0, d−αi,j ). Therefore, it is easy to show that the
numerator X are independent RVs, which follows a gamma
distribution with PDF given by

fX (x) =
xMt−1 exp (−xdαc,0)

0(Mt )(d
−α
c,0 )

Mt
, (8)

where 0(.) denotes gamma function [44]. Similarly, we can
show that for the interference power from any ith RRH to the

UE0, i.e., yi ,
∣∣∣hHi,0 hi,i

||hi,i||

∣∣∣2 d−αi,0 , is an exponential distributed
RV with PDF

fyi (yi) = dαi,0 exp (−yid
α
i,0). (9)

Remark 1: In the scenario where N > 1 and di,0 6= dn,0
for i 6= n, the distribution of Y can be obtained as [45]

fY (y) =
N∑

i=k+1

[
e
−y
d−αi,0

d−αi,0

N∏
n=k+1
n6=i

d−αi,0
d−αi,0 −d

−α
n,0

]
. (10)

The validity of (10) is illustrated in Fig. 3. We see that
analytical expression matches the corresponding simulation
results perfectly. Note that for N = 1, fY (y) is computed
with (9). As shown, the total interfering signal power Y does
not change much with increasing N because multi-antenna
beamforming to serve the desired UE benefits the desired
link while the additional interferers are so far away that
their contribution to Y is almost negligible in the considered
setup. After obtaining the corresponding PDF for desired and
interference links, outage probabilities for silencing andMRT
schemes are derived.
Theorem 1: The outage probability when UE0 is served

through silencing scheme is given by

FγS (θ ) =
N∑

i=k+1

9i(
1+ 1

θ

(
di,0
d0,0

)α)Mt
, (11)

with 9i =
∏N

n=k+1
n6=i

d−αi,0
d−αi,0 −d

−α
n,0
.

Proof: Please refer to Appendix A. �
Theorem 2: Under the F-RAN cooperating mode, when

the RRHs cooperate to serve the UE0 through MRT, the
outage probability is given as

FγMRT (θ ) =
N∑

i=k+1

k∏
c=0

9i(
1+ 1

θ

(
di,0
dc,0

)α)Mt
, (12)

with 9i =
∏N

n=k+1
n6=i

d−αi,0
d−αi,0 −d

−α
n,0
.

Proof: Please refer to Appendix B. �

FIGURE 3. Validity of the PDF of Y for N ∈ {1,2,10}. We also set, Mt = 4
di,0 = 5+ 5i, i = 1, . . . ,N , and α = 3.5.

1) DIVERSITY GAIN
The main goal of URLLC systems is to enhance reliability;
therefore outage probability curve provides a benchmark for
performance evaluation. However, to further investigate the
behaviour of outage probability expression at infinite SIR,
we assess the diversity gain that can be achieved from Silenc-
ing and MRT schemes. Similar to [46], we define diversity
gain D as

Dρ = − lim
θ→∞

logFγρ (θ )

log θ
, (13)

where Fγρ (θ ) is the outage probability obtained in
(11) and (12) and ρ ∈ {S,MRT} for silencing and MRT
schemes. Next, the diversity gain for silencing and MRT
schemes at infinite SIR regime is investigated as follows:

Silencing: Using (13) the diversity gain for silencing
scheme is expressed as

DS = − lim
θ→∞

logFγS(θ )
log θ

,

(a)
= − lim

θ→∞

log
(∑N

i=k+19i
( di,0
d0,0

)−αMt ( 1
θ
)−Mt

)
log θ

,

(b)
= − lim

θ→∞

(
log θMt

log θ
+

log
(∑N

i=k+19i
( di,0
d0,0

)−αMt
)

log θ

)
,

(c)
= Mt . (14)

where (a) follows from CDF of silencing scheme (11) and

using the binomial approximation of
(
1 + 1

θ

( di,0
d0,0

)α)Mt
and

taking only the dominant term at high SIR. Meanwhile,
(b) comes from exploiting log(ab) = log a + log b, and
(c) follows immediately after taking the limit.

MRT: Following the similar procedure for attaining (14),
the diversity gain for MRT is obtained as

DMRT

= − lim
θ→∞

logFγMRT (θ )
log θ

,
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(a)
= − lim

θ→∞

log
(∑N

i=k+1(
1
θ
)−(k+1)Mt

∏k
c=09i

( dc,0
di,0

)−αMt
)

log θ
,

(b)
= Mt (k + 1). (15)

Note that comparing (14) and (15), MRT asymptotic diversity
gain is k + 1 times higher than silencing scheme.

2) COMPLEXITY ANALYSIS
The derived closed-form expression in (11) and (12) include
simple algebraic scalar operation of the product, addition, and
division terms. Note that the complexity of MRT increases
with the number of cooperating RRHs k , while the complex-
ity of silencing does not scale up. However, the diversity gain
of MRT is also scaled k + 1 times compared to silencing as
shown in (14) and (15). All in all, the derived closed-form
solutions do not involve computational severe efforts at BBU
of the proposed F-RAN network concerning the number of
RRHs and users.

B. THROUGHPUT-RELIABILITY TRADE-OFF
We define throughput-reliability trade-off as the cost the con-
sidered reliability-oriented system model has to bear on its
average system sum throughput when increasing the number
of cooperating RRHs to meet URLLC service requirements.
We implement a system-level simulation to study the fun-
damental trade-offs between reliability and average system
sum throughput for the considered transmission schemes in
the F-RAN cooperating mode. We assess the reliability of the
typical link, which is given by

Relrefρ = 1− Fγρ (θ ), (16)

where γρ is the SIR evaluated from (3) and (5) with
ρ ∈ {S,MRT} for silencing and MRT schemes, respectively.
Meanwhile, the average system sum throughput is given by

TPρ = Rrefρ + R
A
ρ , (17)

where Rrefρ is the achievable reliable rate at the typical
link, and RAρ is the corresponding average sum rate of non-
cooperating RRHs active users. Then,

Rrefρ = Relrefρ log2(1+ θ ),

RAρ = E
[ N∑
i=k+1

log2(1+ γ
i
ρ)
]
. (18)

Finally, from (17) and (18) we have that

TPρ = Relrefρ log2(1+ θ )+ E
[ N∑
i=k+1

log2(1+ γ
i
ρ)
]
. (19)

Note that when the number of cooperating RRHs k increases,
the average system sum throughput decreases.

V. SCHEDULING FRAMEWORK FOR URLLC USERS
This section proposes a scheduling framework suitable for
URLLC users. 3GPP introduces a flexible frame structure for
5G NR with different options to shorten TTI as compared to
LTE [30], we consider mini slots of duration 0.125 ms for
transmission in short TTI to meet low latency requirements
as in [47]. We use different transmission modes for serv-
ing the typical URLLC users. Fig. 4 shows the time frame
structure of downlink URLLC with the different transmis-
sion modes. As shown, the initial latency budget of 6 TTIs
for the URLLC user leaves a sufficient time budget for a
maximum of two re-transmission since a hybrid automatic
request (HARQ) round trip time consumes 2 TTIs [48]. In the
case of re-transmission(s), multiple re-transmitted packets are
combined using chase combining (CC), boosting the desired
signal power [49].

Note that there are multiple active URLLC users simul-
taneously competing for the resources. Hence, the overall
objective of the given scheduling framework is to serve
the maximum number of active URLLC users within the
latency budget. Three different performance metrics are
considered to evaluate the performance of the scheduling
framework:

1) Percentage of users served: Accounts for all the suc-
cessfully delivered packet.

2) Mean latency: An average latency (difference between
start time and end time) of all successful users.

3) Average number of transmissions/cooperations: Aver-
age total number of transmissions for all successful
users in case of re-transmissions with HARQ. While in
the case of cooperating schemes, we average the total
number of cooperating RRHs.

To elaborate more on the concept of the proposed scheduling
framework and serving strategies for URLLC users. Fig. 5
shows a high-level flow diagram of the scheduling frame-
work at the CU and typical URLLC users, respectively. The
scheduling framework works as follows: at each time slot,
CU checks if there are any active URLLC users in the net-
work. The data corresponding to the active URLLC users is
added to the transmission buffer. If the maximum available
RRHs Kmax is smaller than the number of active URLLC
users to be served Nserv it reschedules newly active URLLC
users (Nrs) from the current slot by updating the correspond-
ing latency budget to the next scheduling time. CU has
information regarding the availability of RRHs, which are
currently not serving any URLLC user, including pending
HARQ re-transmissions and global CSI of corresponding
UEs. CU assigns the new active URLLC users to the closest
available RRH and predicts the SIR determined by corre-
sponding location and fading. Once the SIR is determined,
the CU may serve the URLLC user using one out of four
transmission modes.

1) Without cooperation/re-transmission (Baseline): Only
the typical RRH serves to the UE. CU serves desired
UE if SIR is greater than or equal to the given SIR
threshold. Otherwise, it drops the corresponding UE.
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FIGURE 4. Illustration of downlink data transmission for URLLC users
with four transmission modes. We assume a two HARQ re-transmissions
for URLLC latency budget of one ms, corresponding to the mini-slot
duration of 0.125 ms TTI.

2) Re-transmission with CC-HARQ: In this non-
cooperating mode, CU checks for any pending
HARQ re-transmission. If any pending HARQ
re-transmission, then it updates the chase combined
SIR (γcc) of intended UE. In this framework, chase
combined SIR denoted as γcc is computed combining
the SIR from the previous transmission as γcc =∑Tx

t=1 γt , where γt is the SIR at current time slot
for re-transmission users, and Tx is the maximum
allowable re-transmission. CU serves intended UE if
γcc ≥ θ , otherwise it drops the respective users if
only if the available latency budget, i.e., tava is less
than the critical latency threshold (τ ). If tava ≥ τ ,
CU re-schedules the intended UE by updating the
latency budget to the next scheduling time.

3) Silencing: In this cooperating mode, CU forces some
of the available cooperating RRHs to remain silent dur-
ing the transmission slots and computes the minimum
RRH (kmin) required to meet the given SIR threshold
from (3) as γS ≥ θ . CU serves respective URLLC users
if γS ≥ θ and kmin ≤ Kmax − Nserv, where Kmax is the
maximum number of available RRHs and Nserv is the
number of RRH assigned to URLLC users during that
transmission slots. Otherwise, it drops the respective
URLLC users.

4) MRT: In this cooperating mode, some of the cooperat-
ing RRHs jointly cooperate to transmit to the UE dur-
ing that transmission slot. CU computes the minimum
RRH (kmin) required to satisfy the given SIR threshold
from (5) as γMRT ≥ θ . CU serve respective URLLC
users if γMRT ≥ θ and kmin ≤ Kmax − Nserv during
that transmission slots, otherwise it drops the respective
URLLC users.

In this scheduling framework, there are two practical con-
straints for the RRHs cooperation:

FIGURE 5. Flow diagram of the scheduling framework.

• C1: In a given time instant, RRHs are available for
cooperation only if not serving any active URLLC
users.

• C2: Cooperating RRHs are selected based on their dis-
tance to intended active URLLC users. If available, the
closest RRH is given priority, and so on.

The detailed performance evaluation for the above-mentioned
metrics is presented and analyzed in Section VI-D.

VI. NUMERICAL RESULTS
This section presents numerical and simulation results related
to the system performance under the discussed transmission
schemes. In the analysis, we set α = 3.5 based on practical
radio propagation measurement in the industrial setups [50].
The plots presented in the Section VI-C and VI-D are gen-
erated using a system-level simulation, where we adopt the
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parameters summarized in Table 3. We generate Rayleigh
fading channel realizations and random users locations over
run time. In particular, ourMonte Carlo simulations comprise
107 runs such that the performance results are accurate for
targeted reliability of up to 1−10−5 = 0.99999 (five 9’s) cor-
roborating our analytical expressions provided in Section IV.

A. IMPACT OF THE NUMBER OF TRANSMIT ANTENNAS
Fig. 6 shows the outage probability of both MRT and silenc-
ing schemes as a function of the SIR threshold for the differ-
ent number of antennas at the RRHs. As shown, the outage
probability under both schemes improves with an increasing
number of transmit antennas because a higher number of
transmit antennas gives more transmit diversity and array
gain. It is also demonstrated that with an increase in Mt ,
both MRT and silencing schemes attain the URC regime at a
higher SIR threshold because a largeMt with the beamform-
ing boosts the desired signal power. However, for the same
number of Mt and k , the MRT scheme has a higher θ value
in the URC regime than the silencing because cooperating
RRHs jointly transmit to the UE benefits the signal power
in the SIR expression. The analytical results match perfectly
with simulation results.

B. IMPACT OF THE NUMBER OF COOPERATING RRHS
Fig. 7 shows the improvement over the outage probabil-
ity while increasing the number of cooperating RRHs k .
As shown, without cooperation (k = 0), the system
approaches the URC regime at low θ . In contrast, with coop-
eration k > 0, URC is attained at higher values of θ because
increasing k reduces the value of interference term in the SIR
expression of (3) and (5) for both schemes, which results in
boosting the SIR. However, MRT schemes approach a higher
SIR threshold in the URC regime with the same number of
k than the silencing scheme because MRT also benefits the
signal power in the SIR expression. Comparing the results
presented in Fig. 6 with that in Fig. 7, it is interesting
to observe that even with fewer transmit antennas, RRHs’
cooperation provides a significant improvement in the outage
probabilities. The analysis shows a solid potential to boost
the system’s reliability with the cooperation of considered
transmission schemes.

C. THROUGHPUT-RELIABILITY TRADE-OFF
In this section, we present the throughput-reliability trade-off
results discussed in Section IV-B. As shown in Fig. 8, there
is a clear trade-off between average system sum through-
put and reliability when we increase cooperating RRHs to
achieve the target reliability. For example, as the number of
cooperating RRHs increases, there is substantial improve-
ment in reliability for both schemes. However, the average
system sum throughput is reduced. Meanwhile, the average
system sum throughput comparatively reduces in the case of
MRT compared to silencing. For example, with MRT, the
average system sum throughput for k = 1 and Mt = 2

is around 67 bps/Hz, and silencing is around 69 bps/Hz.
The increase in silencing throughput is because the
cooperating RRHs in silent mode reduce interference factors
for reference UE and other active UEs, boosting their corre-
sponding SIRs and increasing average system sum through-
put. With the MRT schemes, interference with other active
users persists. However, the average system throughput does
not increase with k under silencing because ongoing trans-
mission to the other users is interrupted, impacting overall
system sum throughput. Furthermore, with an increase in the
transmit antennas at the RRHs, average system sum through-
put and reliability increase for the same number of cooper-
ating RRHs, which suggests that the number of cooperating
RRHs can be reduced by increasing the number of transmit
antennas per RRH. This reduction in the number of cooperat-
ing RRHs improves throughput, reducing overhead consump-
tion. Furthermore,MRT operates at the URLLC target regime
with smaller k for the same Mt compared to silencing, thus
allowing better utilization of the network resources.

FIGURE 6. Outage probability as a function of θ for Mt ∈ {2,4,8} and
k = 2 cooperating (via MRT or silencing) RRHs. We also set N = 15,
d0,0 = 15,di,0 = 10+ 15i, i = 1 . . .N .

D. PERFORMANCE ANALYSIS WITH THE SCHEDULING
FRAMEWORK
This section shows the performance analysis of the schedul-
ing framework as discussed in Section V. We consider a
0.25 km2 communication area where RRHs are randomly
deployed, and URLLC users get activated with a specific
activation rate. We set the number of URLLC users to
be equal to 10. We test the performance metrics of the
proposed scheduling framework as a function of transmit
antennas Mt , activation rate, and SIR threshold θ for the
different transmission schemes. Note that we only con-
sider the time duration of successfully delivered packets
in mean latency analysis, i.e., dropped packets are not
considered.

Fig. 9 shows the performance of the scheduling framework
in terms of the percentage of users served metric as a function
of the number transmit antennas Mt , activation rate, and SIR
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FIGURE 7. Outage probability as a function of θ for k ∈ {0,1,2,4}
cooperating (via MRT or silencing) RRHs and Mt = 3. We also set N = 15,
d0,0 = 15,di,0 = 10+ 15i, i = 1 . . .N .

TABLE 3. System configuration for simulations.

threshold θ . Note that the percentage of users served increases
withMt while decreasing with the activation rate and θ . More
transmit antennas per RRH increases the desired received
power at intended UE, boosting SIR and more URLLC users
satisfying the target SIR. However, when the activation rate
grows, more URLLC users are activated in the system; thus,
URLLC users demand more resources to satisfy the tar-
get, SIR. HARQ scheme performs poorly when activation
rate is more than 0.1 since more users in re-transmission
hold resources during the re-transmission, which results in
unavailability of resources to the other new users; hence
few numbers of the user is served. We observe that at low,
e.g., θ < 0 dB, cooperating and re-transmission with HARQ
schemes perform similarly regarding the percentage of users
served. Cooperating transmission schemes with MRT and
silencing performance seems better than schemes without
cooperation and re-transmission. However, we observe that

FIGURE 8. The average system sum throughput and reliability analysis as
a function of the number of cooperating RRHs k with MRT and silencing
schemes. We also set Mt ∈ {2,4}, and θ =15 [dB].

the silencing scheme performs better than MRT in all three
cases because in multi-user URLLC scenarios, silencing
some RRHs can reduce overall interference in the system,
which favors the SIR at all the active URLLC users. However,
MRT benefits intended users with MC while interference
continues for other active users in the system.

In Fig. 10, it is interesting to observe that the mean latency
of baseline and the cooperating scheme is approximately
0.125 ms since there is a single-shot transmission for the
intended active URLLC user. However, the mean latency of
re-transmission with HARQ decreases when increasing Mt
because most users satisfy the target θ at first transmission by
exploiting antenna array gains. Meanwhile, the mean latency
for re-transmission with the HARQ scheme increases with
increasing activation rate and θ . Due to more active URLLC
users, the demand for re-transmission is more to satisfy tar-
get θ , thus latency increases.

Fig. 11 evaluates the performance of the scheduling frame-
work in terms of a number of transmission/cooperation
required for HARQ and cooperation schemes of all success-
ful users as a function of transmit antennas Mt , activation
rate, and θ . The results reveal that the number of trans-
missions with the HARQ scheme slightly decreases with
increasing Mt . A large Mt promotes high diversity gain,
so the target θ is satisfied in a first transmission. Meanwhile,
we see that number of cooperating RRHs is more in silenc-
ing than MRT because the diversity gained from silencing
is less than MRT. Thus, more cooperating RRHs need to
be silenced to fulfill the target, SIR. As shown, when θ
increases, the average number of cooperation decreases, but
when θ > 8 [dB], the number of cooperation rises because
users demand more cooperating RRHs to attain the target,
SIR. These results suggest that with the proposed frame-
work, one-shot transmission with cooperation seems more
appropriate than re-transmission and without cooperation to
support more URLLC users and overcome the hard latency
deadline.
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FIGURE 9. Performance evaluation of the scheduling framework in terms of percentage of users served as function of (a) Mt ∈ {4 . . .16} for
θ = 10 dB and activation rate to be equal to 0.3 (left), (b) activation rate∈ {0.1 . . .0.7} for θ = 10 dB and Mt = 4 (middle), and
(c) θ ∈ {−10 . . .10} dB for Mt = 4, and activation rate to be equal to 0.3 (right) for different transmission schemes.

FIGURE 10. Performance evaluation of the scheduling framework in terms of mean latency as function of (a) Mt ∈ {4 . . .16} for θ = 10 dB and
activation rate to be equal to 0.3 (left), (b) activation rate∈ {0.1 . . .0.7} for θ = 10 dB and Mt = 4 (middle), and (c) θ ∈ {−10 . . .10} dB for Mt = 4,
and activation rate to be equal to 0.3 (right) for different transmission schemes.

FIGURE 11. Performance evaluation of the scheduling framework in terms of number of transmission/cooperation as function of (a) Mt ∈ {4 . . .16}
for θ = 10 dB and activation rate to be equal to 0.3 (left), (b) activation rate∈ {0.1 . . .0.7} for θ = 10 dB and Mt = 4 (middle), and
(c) θ ∈ {−10 . . .10} dB for Mt = 4, and activation rate to be equal to 0.3 (right) for different transmission schemes.

VII. CONCLUSION
We studied the performance of the F-RAN-enabled frame-
work for URLLC with MRT and silencing diversity schemes
in the interference-limited downlink scenarios. We attained
accurate closed-form expressions for the outage probabil-
ity for MRT and silencing schemes. The analysis presented
herein demonstrates that the outage probability performance
improves with the number of cooperating RRHs, transmitting

antennas at the RRHs, and diversity schemes. We studied
the asymptotic behavior of outage probability expressions for
MRT and silencing scheme with diversity gain analysis. The
result showed that MRT provides k+1 times higher diversity
gain than silencing. Furthermore, we proposed a mini-slots-
based scheduling framework to serve URLLC users under
hard latency deadlines. The analysis showed that cooperat-
ing schemes like MRT and silencing serve more URLLC
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users under the hard latency deadline than with no coop-
eration and re-transmission with HARQ schemes. Besides,
we evaluated the impact on average system sum throughput
when increasing the number of cooperating RRHs to ensure
URLLC. The results showed thatMRT and silencing schemes
enhance the system performance in terms of reliability but at
the cost of reduced average system sum throughput. Overall,
the extensive numerical investigations showed that with the
RRHs cooperation, diversity schemes likeMRT and silencing
could achieve URLLC in an F-RAN network. We intend
to extend our analysis for efficient multiplexing of users
with heterogeneous quality-of-service requirements as future
work.

APPENDIX A: PROOF OF THEOREM 1
In silencing scheme, X is distributed as (8). Then from the
definition of moment generating function (MGF), we get the
MGF of X as

MX(t) = E[exp (tX )] =
1

(1− td−α0,0 )
Mt
. (20)

In fact,
∫
∞

0 fY (y)dy=1, thus, we can obtain
∑N

i=k+19i=1.
Using (7) and (10) we have that

FγS (θ ) =
∫
∞

0
fX (x)

∫
∞

x
θ

N∑
i=k+1

9i
d−αi,0

exp
(
−y
d−αi,0

)
dydx

=

∫
∞

0
fX (x)

N∑
i=k+1

9i exp
(
−x
θd−αi,0

)
dx

=

N∑
i=k+1

9iE
[
exp

(
−1
θd−αi,0

X
)]
. (21)

Substituting (20) with t = −1
θd−αi,0

into (21), we attain (11), thus,

concluding the proof.

APPENDIX B: PROOF OF THEOREM 2
In MRT, we have several RRHs jointly transmitting to the
desired UE. The MGF of the sum of independent RVs Xc can
be expressed through a product of MGFs of each RVs Xc as

M(
∑k

c=0 Xc)
(t) =

k∏
c=0

MXc (t) =
k∏
c=0

E[exp(tXc)]

=

k∏
c=0

1

(1− td−αc,0 )
Mt
. (22)

Then, using (7) and (10) we have that

FγMRT (θ ) =
∫
∞

0
fXc (xc)

∫
∞

xc
θ

N∑
i=k+1

9i
d−αi,0

exp
(
−y
d−αi,0

)
dydxc

=

∫
∞

0
fXc (xc)

N∑
i=k+1

9i exp
(
−xc
θd−αi,0

)
dxc

=

N∑
i=k+1

9iE
[
exp

(
−1
θd−αi,0

Xc
)]
. (23)

Substituting (22) with t = −1
θd−αi,0

into (23), we reached (12),

thus, concluding the proof.
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