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Abstract— Cell-free massive multiple-input multiple-output
(mMIMO) architecture is a promising solution for Industrial
Internet of Things (IIoT) because it not only provides massive
connectivity but also eliminates the traditional cell edges. Consid-
ering the heterogeneous traffic and requirements in the industry,
in this paper, we propose a device priority-aware resource alloca-
tion policy under cell-free mMIMO IIoT networks. Specifically,
we design a priority-aware frame structure that can be used
to provide differentiated age of information (Aol) guarantees
for devices of different priorities and locations. To characterize
the proposed policy, we develop a general analysis framework to
evaluate the signal-to-interference ratio meta distribution and the
average Aol of a generic device. The framework captures multiple
main features under wireless IIoT networks, including cell-free
mMIMO architecture, frame structure, finite-sized geographic
areas, densely deployed devices, device priority, retransmission,
and interaction among different transmission links. The analyti-
cal framework is validated by simulations. Based on the analysis,
we study a mean-variance optimization problem to improve the
network average Aol, while guaranteeing the average Aol per
device. Numerical results show that the proposed frame structure
works effectively in enhancing the Aol performance of cell-free
IIoT networks.

Index Terms— Industrial Internet of Things, cell-free massive
multiple-input multiple-output, frame, age of information.
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I. INTRODUCTION

S A global network infrastructure, the Internet of Things

(IoT) enables devices to communicate with each other
and realize dynamic information interaction as well as collab-
orative decision-making [1]. The Industrial Internet of Things
(IToT) focuses on connectivity in industry and thus has some
distinctive features. For example, the IIoT networks are built
on the traditional industrial infrastructure, so a huge number of
devices are densely deployed in a finite-sized geographic area.
Further, IIoT applications usually are time and mission-critical
with a low tolerance for latency and a high requirement for
reliability [2].

Considering the above characteristics, massive multiple-
input multiple-output (mMIMO) is suitable for IIoT owing
to its ability of massive connectivity and large coverage [3].
However, traditional cellular networks inevitably generate cell
boundaries. Cell-edge devices tend to suffer from poor com-
munication quality due to large path loss and interference [4],
which defies the requirements of IloT. To this end, a new
architecture named cell-free mMIMO appears promising [5].
The architecture defines a cooperative serving cluster con-
sisting of several spatially adjacent access points (APs) for
each device [6]. Then, each device is actually the center of its
serving cluster and the conventional cell edges are eradicated.
It is demonstrated in [3], [7], [8], and [9] that applying cell-free
mMIMO to IIoT networks can lead to further advantages
potentially, e.g., improving capacity and data transmission rate.

Despite these benefits, there are many challenges to apply
cell-free mMIMO in IIoT networks due to the following
reasons. First, there are usually multiple devices coexisting
in HoT, serving various applications such as performance
monitoring and intelligent inspection [10]. These devices
have heterogeneous traffic characteristics and quality of ser-
vice (QoS) requirements. Coordinating the resource allocation
among multiple applications is necessary but is often not a
focus in existing works (e.g., [11], [12], [13]). Second, the
correlation between device location and performance has not
been fully explored. In a large-scale network, the locations of
nodes (APs or devices) are usually modeled as homogeneous
Poisson point processes (PPPs), and the performance statistics
are independent of the test location [14]. Nevertheless, the
assumption is not well-suited for IIoT as the network is
usually finite. Nodes at different locations possess different
service clusters and suffer from different levels of interfer-
ence. Evaluating device performance accurately and providing

1536-1276 © 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: lllinois Institute of Technology. Downloaded on November 16,2025 at 04:30:51 UTC from IEEE Xplore. Restrictions apply.



16422

QoS guarantees for devices at different locations is a major
challenge.

In addition to the above two aspects, the existing studies
on cell-free mMIMO IIoT networks mainly focus on capacity
enhancement [3], [7], [8], [9]. It is inadequate in terms of
the stringent requirements for real-time information in IloT
networks. From this perspective, age of information (Aol) is
an appropriate metric [15], [16]. Specifically, Aol measures
the time elapsed since the last successfully received packet at
the destination was generated at the source [17], [18]. From the
perspective of receivers, Aol carries a wider connotation than
traditional metrics such as latency and throughput, because it
contains information on the sampling frequency. For cell-free
mMIMO IIoT networks, Aol-aware system design is in a
nascent stage.

In this paper, we investigate the application of cell-free
mMIMO in IIoT networks and propose a corresponding
resource allocation policy to meet the stringent requirements
of IIoT applications for real-time information delivery. First,
we design a priority-aware frame structure and device group-
ing strategy to provide differentiated Aol guarantees for
devices of different priorities and locations. Then, considering
the spatio-temporal characteristics of cell-free mMIMO IloT
networks, we derive mathematical expressions for the location
dependent network performance, in terms of the signal-to-
interference ratio (SIR) meta distribution and the average Aol
of a generic device. Specifically, the locations of devices and
APs are modeled as independent binomial point processes
(BPPs) [19], and two typical types of sources in IIoT, namely
bufferless sources and buffered sources, are studied. By uti-
lizing mean-variance optimization, we further study how to
determine the optimal number of groups for each priority. The
contributions of this paper are three-fold:

o Taking advantage of the characteristics of cell-free
mMIMO architecture, we design a priority-aware frame
structure to satisfy differentiated Aol requirements for
multiple applications in IIoT networks. By adjusting the
number of devices transmitted at the same time, the pro-
posed scheme supports devices of each priority to adjust
their own transmission period without affecting other
devices. The scheme is flexible and can be well adapted
to the dynamically varying network environments.

e We establish an analytical framework for location
dependent SIR meta distribution and average Aol in
cell-free mMIMO IIoT networks. The framework cap-
tures multiple key features under the network of interest,
including cell-free mMIMO architecture, frame structure,
finite-sized geographic areas, device/AP number, device
location, device priority, retransmission, and interference.
Further, we study a mean-variance optimization problem
to balance the network average Aol and the average Aol
of each device.

o We verify the accuracy of our analysis through simula-
tions. Numerical results reveal the relationship between
device location and Aol performance. As the distance
from the device to the network center increases, the
Aol performance of network-interior devices improves
slightly, while that of network-edge devices deteriorates
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severely with the shrink of service clusters. Further,
increasing the transmission period can improve the aver-
age Aol of a generic device effectively under the networks
with heavy traffic.

The remainder of this paper is organized as follows. The
related work is reviewed in Section II. In Section III, we detail
the spatio-temporal configuration for the cell-free mMIMO
IIoT networks and design a priority-aware frame structure.
Section IV is focused on the evaluation of the SIR meta
distribution and the average Aol. In Section V, we study the
mean-variance optimization problem to improve the network
average Aol while guaranteeing average Aol per device. The
simulation and numerical results are presented in Section VI to
demonstrate the accuracy of the analysis and the effectiveness
of the frame structure design, followed by conclusions in
Section VII.

II. RELATED WORK

In this section, we review related studies on cell-free archi-
tecture, medium access control (MAC) protocol, Aol metric
in IIoT networks, and finite-sized wireless network perfor-
mance analysis. Cell-free architecture has been introduced
to IIoT networks [3], [7], [8], [9]. Peng et al. investigate
pilot and power allocation [7], demonstrating that cell-free
mMIMO is superior to centralized mMIMO in terms of
average weighted sum rate. Then, they derive lower bounds of
downlink ergodic rate under different precoding schemes such
as full-pilot zero-forcing, local zero-forcing, and maximum-
ratio transmission [8]. Pilot power and transmission power
are jointly optimized there to improve the weighted sum
rate. By leveraging dual deep deterministic policy gradient,
Liu et al. develop a random access and power allocation
strategy to improve the data transmission rate under cell-free
mMIMO IIoT networks [9]. Taking random data arrivals into
account, Wang et al. obtain a closed-form expression of the
capacity under cell-free mMIMO IIoT networks, based on
which the power control coefficients are determined [3].

Considering densely deployed devices, an effective MAC
protocol is important in IIoT networks. Gao et al. propose a
new MAC protocol for IIoT networks [2], utilizing mini-slot
based carrier sensing, synchronization carrier sensing, dif-
ferentiated assignment cycles, and superimposed mini-slot
assignment. The protocol tries to avoid packet collision and
can provide differentiated QoS for devices of different pri-
orities. Based on this MAC protocol, the authors further
design a centralized scheduling algorithm based on deep
neural network [10]. Also tailored for the device priority in
IIoT, an instantaneous channel state information (CSI)-based
dynamic joint block length and shared-pilot length algorithm
is proposed by Cao et al. [20], where throughput, latency, and
signaling overhead are evaluated. To support real-time data
flows for IloT networks, a medium access strategy for long
range (LoRa) is proposed by Leonardi et al. [21].

Aol-related work in IIoT networks is summarized as fol-
lows. Existing studies focus on the trade-off between Aol
and other metrics such as energy consumption [11], [22]
and reliability [12], [13]. In [11], Hsu et al. consider energy
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consumption when sensors transmit data to the controller, and
propose a federated learning-based optimization framework
to optimize data sampling. The long-term data transmission
energy consumption is minimized there while maintaining
information freshness. In [12], Chan et al. study a joint packet
encoding policy to reduce packet error rate while safeguarding
Aol. Considering the harsh communication environment in the
industrial field, Wang et al. obtain the average Aol under the
packet loss and present an optimal communication strategy
consisting of the data updating rate and code length [23].
In addition to the unreliable transmission, the influence of data
processing on Aol is evaluated by Li et al. [24], where edge
computing can be introduced to offload data and reduce Aol.
In [25], Xiong et al. propose a predict-compare transmission
scheme to reduce the average Aol for short packet transmission
in IIoT.

Different from the study of infinite wireless networks, per-
formance analysis in finite-sized wireless networks is usually
very challenging since the interference depends on the node
locations. To address this issue, references [26], [27], [28]
focus on the networks with specific shapes, while authors
of [29] and [30] consider arbitrarily shaped networks. With
the circular network assumption, Parida et al. model the user
and AP locations as independent BPPs and derive the user rate
coverage for cell-free mMIMO systems with finite capacity
fronthaul links [26], while Ernest et al. analyze the outage
probability and Aol for multi-access edge computing-enabled
IIoT networks [27]. In [29], Guo et al. analyze outage perfor-
mance by utilizing moment generating function-based frame-
work and reference link power gain-based framework. In [30],
Tong et al. obtain the distribution of the distance between two
uniformly distributed nodes in arbitrarily shaped networks.

Compared with the existing studies, the main contribu-
tions of this work lie in two aspects. i) The proposed
priority-aware frame structure can coordinate the transmissions
of devices with heterogeneous traffic, satisfying differentiated
Aol requirements in IToT networks. Further, the design takes
advantage of the cell-free mMIMO architecture, and thus
can significantly improve the transmission success probability
even if a large number of devices are required to transmit
simultaneously. ii) The analytical framework of the average
Aol captures the impact of temporal variability of the traffic,
spatial irregularity of node locations, and interdependency
between node performance and location. The research results
can guide us on how to balance the network average Aol and
the average Aol of each device.

ITI. SYSTEM MODEL
In this section, we first present the network topology,
channel model, and traffic model for the proposed cell-free
mMIMO IIoT network. Then, a frame structure is designed
for devices of different priorities. Finally, we introduce the
concept of average Aol of a generic device. The main notations
are summarized in Table L.

A. Network Model

We focus on an uplink cell-free mMIMO IIoT network.
The network is deployed in a finite-sized geographic area
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TABLE I
SUMMARY OF NOTATION
Notation Definition
s Conditional active probability of device xq for source
% [®xg type s given spatial realization Cf'xo
A5(1) Aol of the device at location (v, 0) for source type s
v and time slot ¢
I Average Aol of the device at location (v, 0) for source
v type s
—=s Average Aol of the device at location (v, 0) for source
v Pxq type s given spatial realization ®x,
C Number of time slots within a frame
D(o, Rq) Disk centered at the origin and of radius Rq
£2(9) PDF of the non-zero conditional transmission success
v probability for the device at location (v, 0) given s
F5(9) CDF of the conditional transmission success probability
v for the device at location (v,0) given s
Je Number of groups for devices of priority ¢
hio Channel gain between device x; and AP yqo
k Number of APs associated by one device
Lio Pathloss function between device x; and AP yq
M Number of antennas equipped by an AP
Na, Ng.c Number of APs and devices of priority ¢
Ra, Rq Radius of association region and IIoT networks
s € {bl,bd} | Bufferless sources or buffered sources

o path loss exponent
Binomial point process modeling the locations of APs

Ca, Pa,c and devices of priority ¢
X0 Binf)mial point_ process modeling the locations of
d devices belonging to the same group as xg
oS Indicator representing whether device x; is transmitting
it packets at time ¢ given source type s
0 SIR threshold for successful transmissions
Packet arrival probability in a slot for devices of
Le priority ¢
We Risk aversion index for devices of priority c
s Conditional outage probability of the link between
’YOO,t \<i>x0 device xo and AP yq at time ¢ given <i>x0 and s
< Conditional outage probability of the link between
Yon [®x, device xp and AP yo given <i>xo and s
s,k Conditional transmission success probability of device
Ho [Dx, x( given li:'xo, s, and the number of associated APs k
s Conditional transmission success probability of device
’u0|<i>x0 Xp given <i>x0 and s

A C R2. For expositional simplicity, consider A = D(o, Rq),
where D(o0, Rq) represents a disk centered at the origin and of
radius Rq.! The network has N, APs, each equipped with M
antennas for maximal ratio combining (MRC) reception. The
AP locations follow a uniform BPP, ®,. All these APs are
connected to a central processing unit (CPU) through reliable
fronthaul links. There are a large number of single-antenna
devices such as sensors densely deployed in this area. These
devices are categorized into C' types according to their priority.
Without loss of generality, we assume that priority c¢; is higher
than priority c2 if ¢; < ¢q, where {c1,c2} C {1,2,...,C}.
The number of devices of priority c is denoted by Ng . and
their locations follow a BPP, ®4 ., where ¢ € {1,2,...,C}.
All devices transmit with the same power. As shown in Fig. 1,
in the user-centric cell-free mMIMO, each device is served
simultaneously by the set of APs within a distance of R, to
the device. Without loss of generality, we assume that R, is
smaller than Ry.

!For analysis tractability, we use the circular network assumption as in [26],
[27], and [28]. It is worth noting that our model can be extended to analyze
networks of other shapes, e.g., square and rectangular.
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A Device

Fig. 1. An illustration of the cell-free mMIMO IIoT networks.

B. Channel Model

In this subsection, we introduce the channel model. The
channel between any device and AP is subjected to path loss
and small-scale fading. In the singular path loss model, »~¢ is
used to represent the path loss with propagation distance r and
path loss exponent . However, this unbounded model does
not apply to the cell-free mMIMO networks since the APs
and devices can be arbitrarily close [31]. Thus, we consider
a non-singular path loss function, {(r) = [max{Rp,r}]™%,
where Ry is the reference distance [14]. To ensure analysis
tractability, we assume that the small-scale fading follows
Rayleigh fading with unit mean [32], which varies indepen-
dently and identically distributed across different links and
time.”

C. Traffic Model

We consider a time-slotted system, with equal-length time
slots. In the uplink, devices and their associated APs are source
nodes and destination nodes, respectively. For devices, the
generation as well as sending of packets occur at the boundary
of time slots. The transmission of each packet consumes a
full time slot. For a device of priority c, its packet generation
follows a Bernoulli process. At the beginning of each time
slot, the device can generate a packet with probability &,
c€{1,2,...,C}. Note that the packet arrival probability can
represent the status updating rate at sources. Two types of
sources are considered:

1) Bufferless Sources: Bufferless sources have no buffer to
store packets. Upon generating a packet, the source will drop it
directly or discard it after sending, which depends on whether
the transmission is allowed at the current time slot.

2) Buffered Sources: Each buffered source has a unit-size
buffer and the newly generated packet will substitute for the
old one, if any. A source with a non-empty buffer will send its
packet to the destination when the transmission is permitted.
Unlike the bufferless sources, a buffered source keeps the sent
packet in its buffer until it is successfully transmitted or a new
packet is generated. As such, these queueing activities satisfy
last-come-first-served protocol with replacement (LCFS-R).

Remark 1: Various applications in the IloT networks can
be divided into two types. One type requires only the latest

2Note that the proposed analytical framework can be extended to analyze
other fading such as Nakagami-m [33].
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information from the source nodes. Once the latest packet is
successfully delivered, the old one will be useless. Typical
examples are the monitoring services for temperature, pres-
sure, and inventory. In the other type, every packet should
be transmitted, such as in control services for automated
operations. The bufferless sources and buffered sources under
consideration are suitable for the first type of applications.
Using the infinite buffer model and considering the first-come-
first-served (FCFS) protocol, this work can be extended to
study the second type of applications [34], [35].

D. Priority-Aware Frame Structure and Device Grouping

Considering the heterogeneous Aol requirements of various
devices in IloT networks, in this subsection we design a
priority-aware frame structure to realize effective resource
allocation among devices of different priorities. As illustrated
in Fig. 2, a frame consists of C' time slots. In particular, the
c-th time slot of each frame belongs to the devices of priority c.
Further, devices in IIoT networks are often densely deployed,
which can incur severe crosstalk. Hence, we divide all devices
of priority ¢ into g. groups. Each group utilizes the same
time slot for transmission, and g, groups transmit in different
frames in turn. The period of devices of priority ¢ is ¢g.C
slots. In general, the number of devices with a higher priority
is smaller [2], i.e., Ng,, < Nq,c, if ¢1 < ca. As a result, the
period allocated to devices of a higher priority can be shorter
to provide differentiated QoS for all devices in the network.

To facilitate time slot allocation according to the proposed
priority-aware frame structure, the network controller needs
to collect the priority information on all the devices and
decides grouping strategy, i.e., find the optimal g. for each
priority. In Section V, we are to study the optimization of
ge, with the aim of improving the network average perfor-
mance while providing the information freshness guarantee
for each device. Then, the network controller is in charge of
broadcasting the grouping results and each device randomly
occupies one of the allocated time slots accordingly. Prior-
itizing and grouping are preempted and remain unchanged
in subsequent communications. If the quantity of devices
of a certain priority changes, the network controller adjusts
and broadcasts grouping configuration for them. It is worth
noting that in this case the transmissions of other devices
are not affected. Therefore, the proposed priority-aware frame
structure has low implementation complexity. In addition,
to achieve synchronization in cell-free mMIMO IIoT networks,
specifically designed synchronization protocols such as the
broadcasting-based cooperative time synchronization protocol
[36] can be utilized.

Remark 2: Compared with the existing IloT MAC protocols
such as [2] and [10], the proposed frame structure is targeted
at cell-free mMIMO, where one device can be served by
multiple APs and an MRC receiver is equipped in each AP.
Therefore, the impact of packet collisions is reduced and
multiple devices can transmit simultaneously.

E. Performance Metrics

Different from the large-scale networks, where locations
of nodes are usually modeled as homogeneous PPP and the

Authorized licensed use limited to: lllinois Institute of Technology. Downloaded on November 16,2025 at 04:30:51 UTC from IEEE Xplore. Restrictions apply.



SONG et al.: ON THE SPATIO-TEMPORAL ANALYSIS AND OPTIMIZATION OF Aol IN CELL-FREE IloT NETWORKS 16425
Device . . o
Period of devices of priority 1, g,C slots
Frame 1 Frame 2 Frame g Frame g +1 Frame g, Frame g>+1 Frame g3 Frame gs+1

Priority |G G Group G Group G G G

T o ‘ w e
Priori Gi Gi Group| Group Group| Group| Group
Priority Group| Group Group Group: Group| Group| Group| Group|

3 1 2 81 &itl &2 gotl 83 1

}—> Time
Period of devices of priority 2, g,C slots Slot

Period of devices of priority 3, g;C slots

Fig. 2. An illustration of the priority-aware frame structure and device grouping given C' = 3, where % denotes the remainder operation.

A4()
7‘ Aurrivals of unsuccessfully transmitted packets

f Aurivals of successfully transmitted packets

\ Departures of packets

I_J

U7 N
G:,I I G\),z L G,

vl

Fig. 3. The evolution curve of Aol of the reference device at location
x0 = (v,0). A (t) is the value of Aol at the beginning of slot ¢. The solid
lines in the figure represent the Aol of xg, while the dotted lines represent
the age of the packet that is transmitting.

performance of a typical node can be used to represent that
of a generic node, a finite-sized IIoT network has location-
dependent performance.> Here, we focus on the reference
device at location xo = (v, 0), which can represent any device
in the network by rotating the coordinate axes or resizing v.
For the convenience of notation, we utilize the same variable to
describe one node and its location. Next, we give the definition
of Aol of device xg.

In the time-slotted system, the device at location xg
(v,0) transmits packets to its associated APs, which is then
forwarded to the CPU. The time for the second phase can be
ignored when utilizing reliable fronthaul links [37]. The Aol
of device xg at time slot ¢ is defined as

Al(t)=t-G;

vk}

(1
argmax { G5 .| I} . <t} is the index of the

where K}

latest received pacllzet by the CPU till time ¢, Gf, ,, and I}, are
the time slots when the k-th successfully received packet is
generated and received, respectively. Superscript s € {bl, bd}
indicates the bufferless sources or buffered sources.

Fig. 3 illustrates the evolution curve of Aol of device xg.
The Aol adds one at the beginning of each slot unless the
CPU receives a new packet at the last time slot. Assuming

3Due to the circular network assumption, location dependent performance
here implies that the network performance is specific to the distance from the
origin to the node of interest.

that the Aol remains constant within a time slot, the average
Aol of the reference device at location xo = (v, 0) is defined
as A, = limsup & SO, A3 (¢) [22].

T—o0

IV. PERFORMANCE ANALYSIS

In this section, we evaluate the Aol performance in the
IIoT network considering that the proposed cell-free mMIMO
architecture and priority-aware frame structure are employed.
Specifically, we first derive the conditional transmission suc-
cess probability of the reference device xy. Then, we obtain
the analytical expression of the conditional average Aol of xg.
Finally, based on all the aforementioned analyses, we arrive
at the SIR meta distribution and the average Aol of xg.

A. Conditional Transmission Success Probability

Consider that the reference device x is of priority ¢ and
in an interference-limited regime with negligible background
noise [38]. At time slot ¢, if x( is sending out a packet, the
received SIR at its associated AP, yq, can be written as

}ALOOZ (Ilxo—yoll)
D €070\ {xo} T5,thi0l ([Ixi—yoll)”

SIRS, , = )

where hgo following the Gamma distribution Ga(M,1)
denotes the total received channel gain at AP y, from device
x¢ after MRC reception process [38], h;o following the expo-
nential distribution Exp(1) models the independent channel
gain for the interfering device x; [39], @3‘“ represents the
devices of the same priority and belonging to the same group
as Xo, 0;, is an indicator representing whether device x; is
transmitting packets at time ¢ (in this case, 07 ; = 1) or not (in
this case, o7, = 0), and [ (||x;—yol|) is the non-singular path
loss function between device x; and AP yg. In the following,
we abbreviate [ (||x;—yol|) as l;0 for symbolic simplicity. The
transmission is unsuccessful if the SIR at AP y is smaller than
a decoding threshold 6. As such, given the spatial realization
<i>xO = ®,U®7°, the conditional outage probability of the link
between device xy and AP y at time ¢ can be defined as

—P (SIRSM <0 éxo). 3)

S
700,t |
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For bufferless sources, there is no correlation among differ-
ent slots as retransmission is not allowed. For buffered sources,
however, the conditional outage probability of different slots is
correlated, which complicates the subsequent analysis. To this
end, we introduce the men-field approximation [40], i.e., we
assume that each queue at a buffered source node observes
the time-averages of the activity indicators of other queues
but evolves independently of their current state. It is note-
worthy that here we utilize the mean-field approximation in
the temporal domain. While the approximation allows us to
decouple the evolution of queues over time, the transmissions
at individual links remain mutually dependent in space due to
the interactions caused by interference. With this assumption,
transmissions of a buffered source node can be regarded as
independent over time with an outage probability fy(‘)’(‘)i‘ by =
}JEC 700 Dy = Y00t [y,
To derive the conditional outage probablhty, we need to
average out the fading terms in (2).

Theorem 1: Consider the reference device of priority c
at location xg = (v,0). Given spatial realization @XO, the
conditional outage probability of the link between x¢ and its
associated AP yq is given by

. For completeness, let 700' 8,

700 (6,
M
M) k z\<I>
=S (et T s | @
fso \F1 xie<1>j§°\{xo} L+loo/ (Blio)
where 3 = 0k, (M)~ %, and a® . hm P(o}, =1 | Dy, )

is the conditional active probabllzty of device X; in the steady
state.
Proof: Please see Appendix A. ]
In the cell-free mMIMO network, all APs are connected to
the CPU via reliable fronthaul links. Therefore, it is sufficient
if at least one of the APs, connected to the device, can success-
fully receive the packet.* As such, given the spatial realization
<i>xO, the conditional transmission success probability of the
reference device associating with k (€ {0,1,...,N,}) APs is

s,k
o), H 70n|<1>

transmission success probab1hty of device xg is given by

Na s,k
=D XBgg 5)

where x(k) is the probability that one device is associated
with k& APs. According to the definition of BPP, x (k) can be
written as

. Averaging out k, the conditional

S
Hod.,

x1(k),
x2(k),

OSUSRd—Ra

k =
X() Rd_Ra<U§Rd+Ra>

(6)

“Note that other complex detection techniques (e.g., centralized detec-
tion [41]) are promising options at the cost of larger backhaul traffic and
implementation complexity. However, to ensure analysis tractability and unveil
design insight, similar to [38] we assume that, as long as one of the associated
APs can successfully receive data from that device, the transmission from the
device to the CPU is successful. The study in [41] shows that the spectral
efficiency of this case can be better than the case that the CPU uniformly
combines signals preprocessed by APs due to the reduced impact of APs
over a badly interfered channel.
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where xi1(k) = (]Z"‘) (gg)k (1 - %)Nﬂ_k, xa(k) =
k Na—
(0) () (1-2hg) - and S = R2(61 — poinzon)

2 2 2
+R% (¢2 — 3sin2¢2) with ¢1 = arccos (%) and

— v HRG
¢2 = arccos (W

of x¢ given Ry — R, < v < Rq + R,. The derivation of S
will be given in Section IV-C.

Similarly, we can obtain the conditional transmission suc-
cess probability for a generic device x;. Next, we consider the
conditional active probability a s in Theorem 1 by utilizing

[ o

) is the area of the association region

the queueing theory.

Theorem 2: Consider that the device x; is of the same
priority and belongs to the same group as device xg. Given
its conditional transmission success probability u° 1 , if the
devices in the IloT network operate as bufferless sources and
buffered sources, the conditional active probability of x; can
be respectively written as

bl —
(ZZ. ‘.i)xO - §C7

— (1= C
RN Y A U,

Yl T T (T (=€)
i |(1>XO

Proof: For bufferless sources, the conditional active prob-
ability is equal to the packet arrival probability in a slot. For
buffered sources, we can solve it by leveraging the queueing
theory. Let Zp (=1) denote the probability that the buffer is
empty (non-empty) when device x; is permitted to transmit.
Then, we have

Zo[1-(1-€)*] = Euly (1-€)"C
S04+ 5 =1.

(7a)

®)

Solving it yields =i, i.e., the conditional active probability
of X;. |

B. Conditional Average Aol

In this subsection, we calculate the conditional average Aol
of xg given its conditional transmission success probability
obtained in the last subsection.

Theorem 3: Consider the reference device of priority c
at location xg = (v,0). Given the conditional transmission
success probability u 0 by’ if the devices in the IloT network

operate as bufferless sources and buffered sources, the condi-
tional average Aol of xo can be respectively written as

- C  gC 1
Ag,, = o - L+ 3, ©
fcuo@
—bd g.C 1 g.C+1
Agge, =ty — I T (10)
e, 2

Proof: Taking buffered sources as an example. Let us
analyze reference device Xo with conditional transmission
success probability ,u | Consider an arbitrary time slot
after one attempted tran;m1s510n and denote it as the A-th
time slot. We assume that the corresponding Aol of this slot
is p+ qT,, where p € {1,2,...,T.}, ¢ € {0,1,...,00}, and
T. = g.C is the transmission period. Then, we can draw the
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conclusion that at least one of the ¢ + 1 transmissions before
the current time slot must have been successful. We mark these
g-+1 transmissions as the 1st, 2nd, ..., and (¢+ 1)-th attempt,
respectively. Consider three cases as follows:

Case 1: q = 0. The packet arriving at time slot 7 — p is
successfully delivered at time slot i — 1. The probability of
this case is

A(p,0) = &1 = &) gy, - (11)

Case 2: q # 0 and the (q + 1)-th attempt is successful.
There were (¢7. + p — 1) time slots with no packet arrivals
and the first ¢ transmissions have failed. The probability of
this case is

Alp,q) = E(1 = &)1~

Case 3: q # 0 and the (¢ + 1)-th attempt is successful,

bd (12)

bd
Ho)d., ) Hods, -

¢e{0,1,...,q—1}. Similarly, the probability of this case is

A(p,?)

T bty < {(1- €0
q—4—1

D> {[1_ (1= &)™ (1= €)™ (1wt

D

13)

Here, (1 — &)@ 9T represents that no packets arrived
after the (¢ + 1)-th attempt, and {1—(1—§C)TC}

iT.
(- )™ (1- bty )
arrived between the (¢ 4 ¢ + 1)-th attempt and (¢ + ¢ + 2)-th
attempt, but was not transmitted successfully in the next
(¢ — ¢ — 1) attempts.
Aggregating (11)-(13), we can obtain the conditional aver-
age Aol of xg at the next time slot after each attempted

q—L—1
represents that one packet

transmission transmission, denoted by AET& , as follows
Abd_
v [Py
T, oo T. qg—1
=> AP0+ Y (p+dTo) Q)+ ) Alp.q)
p=1 g=1p=1 =0
1 1
0]dx, ¢
Then, the conditional average Aol of xg can be written as
Abd bd
Zbdﬁ _A [$xq (A L. +T.—1) _ ibd T. 1
0|y = 9 = Ade, T T3
(15)

Substituting (14) into (15) yields (10). As for bufferless
sources, there is no retransmission and the successful delivery
of one packet must occur in the same time slot as the
generation of the packet. The derivation process is similar to
buffered sources. To avoid redundancy, the detail is omitted.]

|

5Theorem 3 can also be proved by expanding Theorem 3 in [42], consid-
ering the relationship between the inter-generation and service time.
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From the above theorem, increasing the number of groups
g has two opposite effects on the Aol performance. On one
hand, a large g. increases the transmission period of devices
and hinders information updating. Ignoring the effect of other

. . —S . ..
factors, i.e., given &, and u?)' By’ Av\@xo is positively cor-

related with g.. On the other hand, a large g. decreases
the number of devices transmitting at the same time slot,
increasing the transmission success probability. So, MS B and

g. are positively correlated. The two effects jointly determine
the conditional average Aol of xq. Therefore, there exists an
optimal g. value that maximizes the Aol performance.

C. SIR Meta Distribution and Average Aol

According to the analysis in the previous subsection, the
conditional transmission success probability and the Aol per-
formance are closely related. So, in this subsection, we are
first concerned about the cumulative distribution function
(CDF) of the conditional transmission success probability,
which is commonly known as the SIR meta distribution. For
the reference device at location xg = (v,0), the SIR meta
distribution is defined as

F3(9) = P (15 5, (16)

< 19) :

It is noteworthy that the SIR meta distribution here is
different from [43], which focuses on large-scale networks.
Given the locations of nodes modeled by PPP, the SIR meta
distribution allows one to obtain information about the propor-
tion of users whose transmission success probabilities exceed
a certain threshold. In this work, we consider the finite-sized
IIoT networks, where the SIR meta distribution captures the
performance specific to the distance to the network center
across different realizations.

To derive the SIR meta distribution, we start with two key
distance distributions: One is the distribution of the distance
from the reference device to its associated APs, and the other
is the distribution of the distance from the reference AP to
interfering devices.

Lemma 1: Consider the reference device at location xy =
(v,0). Given the association radius R,, the distance from xg to
a generic associated AP, R, has the following distribution

0<v<Ry—R,
falrfe) = § SR 0 <0 i am
fR,Q(T|U)7 Rq — Ry, <v < Ry,
where
fR,l(rh}) R27 0 < r < Ra» (18)
2
ﬂ, 0<r<Rg—w
fra(rlv) =1 o (19)
—¢3, Rqa—v<r<R,,
S
with ¢3 = arccos (#

Proof: Please see Appendix B. [ ]
Lemma 2: Consider the reference AP at location y, =
(u,0). The distance from y,, to a generic device, W, has the

Authorized licensed use limited to: lllinois Institute of Technology. Downloaded on November 16,2025 at 04:30:51 UTC from IEEE Xplore. Restrictions apply.



16428

following distribution

fov () = {fW’l(

0<w<Rg—u

(20)
Ry —u<w< Rq+ u,

wlu)
fwa(wlu),

where  fy1(w|u) = % and  fw2(w|u) =
2 2 2
QE’Q arccos (%ﬁ)

Proof Given the location of the reference AP rather than
that of the reference device, Lemma 2 can be obtained using
the method for proving Lemma 1. To avoid redundancy, the
specific derivation is omitted. ]

It is worth noting that due to the location independence
of devices and APs, the distances from device xg to any of
its associated APs follow the same distribution. Armed with
Theorems 1-2 and Lemmas 1-2, we can derive the SIR meta
distribution of bufferless sources and buffered sources.

Theorem 4: Consider the reference device of priority c at
location xg = (v, 0). If the devices in the IloT network operate
as bufferless sources, the CDF of its conditional transmission
success probability is given by

bl
F} +Zk X(R)EDL(0), 1)
in which
o (ﬂ)zl_/mlm ﬂ—jpfj IPY (Zqyke
U,k 2 0 k2
ko=0
k
X > Ul,)V(2) dp (22)
k1 ﬂ_pa
Vg, 20
vo+...+vp=ka
M\ .
Uve,) =% | ] (k> (—1from (23)
o<k <m "1
Nd,c
Ra [ Ra+v ge

frr|v)dr, (24)

withj=v=12=1I ﬁ‘%} L =

0<k <M

%, and Tm{-} representing the imaginary part of a
complex quantity.

Proof: Please see Appendix C. [ |

For analytical tractability, when proving Theorem 4, we
utilize an approximation to evaluate the interference suffered
by AP y, to which device xy is associated. Simulation
results in Section VI validate the approximation under different
network parameters.

Theorem 5: Consider the reference device of priority c at
location xg = (v, 0). If the devices in the IloT network operate
as buffered sources, the CDF of its conditional transmission
success probability is given by

O+ 3,7,k

[ Im{ﬂ z( e

FP(y EXN(9), (@25
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k

dp

U(vr, )K(H) w0

<>
’L)k1 20
vo+...+vnr=ko
Ny, c
R.[ Rq 27 ge

z
= H dod
/// 7TR(12¢Z
0 0 0

and H is given as (28), shown at the bottom of the next
page, with wg = (|z2 + 02 + 2zvcos¢’)%. The results of the
buffered sources can be obtained iteratively as FP4(9) =
x(0) + tlggo Zgil x(k )F;D‘,ic (9). Particularly, at the initial
stage (t = 0), we have F)} ((9) = FJ.(9).
Proof: Please see Appendix D. [ ]
Note that the conditional average Aol of xq approaches
infinity when the number of associated APs is 0. The corre-
sponding probability is x(0). Therefore, we calculate the CDF
of the non-zero conditional transmission success probability
for bufferless sources and buffered sources as

N k) .
Zk:l %Fb,kw)

For buffered sources, the calculation of E‘fd(ﬂ) is performed
iteratively as indicated in Theorem 5. Further, all the moments
of the conditional transmission success probability are neces-
sary, leading to complex calculations. With the conditional
transmission success probability bounded between O and 1, a
more efficient way is to approximate the desired distribution
by leveraging the Beta distribution [44]. Then, we have the
following theorem.

Theorem 6: The probability density function (PDF) of the
non-zero conditional transmission success probability can be
approximated as

fr(rlv)dr, 27)

F30) = (29)

197i,t_1(1 _ ﬂ)ﬁf},t_l
B (vi,uﬁi,t) ’

(V) = lim 7, (9) = (30)

t—o0

where B(:) is the Beta function, vy, , and [3; , are given by

e 1= mld] [mid, —mi2,]

’YS _ v,s,t ﬂb _
v,t T ) v,t T 2
1= m” st mffzt - {mffzt}
€1y
with mgg given by
Na b
®) : x(k) ( b ) ka
My b1t ~ Z — (=1)
k=1 ka0 1= x(0) \k2
k
X o U V(E)| . 3D

kaZO
vo+ v =ko

UbdtNZZ

k= lk—O

(e
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k

U(vr, )K(H) (33)

>

v, 20
vo+...+vn=k2

Proof: Similar to [43], we can approximate the distribution

of the conditional transmission success probability by utilizing

the Beta distribution with the same mean and variance. ]

Finally, by substituting (30) in Theorem 6 into (9) and (10)

in Theorem 3, we can evaluate the average Aol for xg, given
by

— c CO 1

gL 12 )dd +2, (34)
0 gc 2

—bd [ g.C bd (9 1 gC+1

A, _/0 9 fia (i )dﬁ—’_& — (35)

Equations (34) and (35) quantify the average information
freshness of device x( over a long period of time when the
devices in the IloT network operate as bufferless sources
and buffered sources, respectively. The expressions take into
account the effects of multiple key factors in the wireless
network, including cell-free mMIMO architecture, frame struc-
ture, queuing dynamics, device location, retransmission, and
interference.

V. OPTIMIZATION OF Aol

In this section, we study how to determine the number
of groups g. to stimulate the advantages of the proposed
priority-aware frame structure under cell-free mMIMO archi-
tecture. Take the devices of priority ¢ as an example since the
parameter settings of devices of different priorities are decou-
pled. We refer to the mean of the average Aol of all the devices
of priority c in the IIoT network as the network average Aol.
To improve the network average Aol of devices of priority c
while providing the information freshness guarantee for each
device, we consider the following mean-variance optimization
(MVO) problem [45]:

min E[A]] + w D[A], (36a)
gC
st g. € Ny, (36b)
0 <wv < Rq, (36¢)
where E[4]] = Rd A 12%'5 dv is the network average Aol of

fia Frdv — E*[A,] is
the variance of the average Aol of all the devices of priority c,
]E[qu] +wCD[qu] is the Aol cost, and . is the risk aversion
index. In the portfolio theory, w. depends on the investor’s
individual preferences, reflecting the investor’s tolerance for
investment risk, and is usually less than ten [45], [46]. In this
work, w, should be appropriately set to balance the network
average Aol and the average Aol of each device. We will study

(®)

devices of priority ¢, D[A)] =
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the impact of its choice in Section VI-D. Considering that the
expression of ZZ is complex and v is a continuous variable on
the interval [0, Rq], solving optimization problem (36) directly
faces large computational complexity. Therefore, we consider
discretizing the problem. Specifically, the whole network
region is divided into @ disjoint circles {72(1}(?:1

- (o ) o(o15t0).

where R, represents the g-th circle. The difference between
the inner radlus and outer radius of each circle is 2. As such
the first circle is a disk centered at the origin and of radius £4

Next, we choose one point in each circle and use the average
Aol of this point to represent the performance of all points in
the region. For the point selected in the g-th circle, its distance
to the origin is vy = qu . As a result, (36) is transformed into:

(37

min B[4, ] + D[4, ], (38a)

st g € Ny, (38b)

qge{l,2,...,Q}, (38¢)

where E[qu] = Z ﬂqw and D[4, ] =
YA, )25t - B4, ).

According to the analysis at the end of Section 3, increasing
gc has two opposite effects on Aol performance: hindering
information updating and improving the transmission success
probability. Accordingly, efficient search algorithms such as
ternary search [47] can be designed to solve (38).

VI. SIMULATION AND NUMERICAL RESULTS

In this section, we take the reference device of priority ¢ as
an example and verify the established mathematical framework
through simulations. Then, the effect of different network
parameters on the SIR meta distribution and Aol is evaluated.
Further, Aol performances of devices at different locations
are illustrated. Finally, we study optimization problem (38) to
explore the effect of the number of groups g. on Aol cost.
Unless otherwise stated, we adopt the following parameters
[19], [38], [40]: R4 = 30 m, R, = 5 m, N, = 120,
Nae=120,9.=1,C =3,&& =06, M =2,0 =0dB,
« = 4, and Ry = 1 m. Further, distance v between reference
device x( and the network center is 5 m without additional
description.

A. Validation of the Analyses

Fig. 4 shows the conditional average Aol of the reference
device x( given the conditional transmission success proba-
bility 1 . . Then, the Aol performance here is independent

of location v of Xg. The simulation results and numerical

’L)kl

1 - €C)gcc]k

n= 11 |2

0<ki <M |k3=0

() [

1- 1—< 1—50) ©hs

(28)

g 7; k3
dF?4(s) (1 1+ﬁl(wo)/l(7“)>
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Fig. 4. Conditional average Aol of a specific device under different
conditional transmission success probabilities.
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Fig. 5. CDF of the conditional transmission success probability of the
reference device at different locations.

results corresponding to Theorem 3 match well. A small
transmission success probability leads to a rapid deterioration
in information freshness at destination nodes. Further, given
&, = 1, the conditional average Aol of xq for bufferless
sources is the same as that for buffered sources. In this case,
the retransmission mechanism does not work and any packets
that are not successfully delivered will be replaced by the
newly generated packets. Also, the gap of the conditional
average Aol between £, = 0.6 and 1 for bufferless sources is
larger than that for buffered sources, implying that . generates
a larger impact on bufferless sources, consistent with the
results derived in (9) and (10).

With respect to Theorems 4-6, Fig. 5 illustrates the CDF of
the conditional transmission success probability of reference
device x( under the varying distances v’s between x; and
the network center. We choose v = 5, 25, and 29 m because
in the simulations it is observed that the performance with
v < 25 m is very close. The details are presented in Fig. 12.
The numerical results and simulation results match well for
devices at different locations. At v = 5 m, the effect of the
number of devices Ng . is shown in Fig. 6. Fig. 7 shows
the CDF of the conditional transmission success probability
with different network radii R4’s given v = 5 m. We observe
that the approximation is more suitable for networks with a
large radius. In this case, the average distance between one
interfering device and device xo or its associated APs is
larger, and thus the error is small. Another phenomenon is
that the probability of transmission success probability being
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Fig. 6. CDF of the conditional transmission success probability of the
reference device under varying number of devices.
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Fig. 7.  CDF of the conditional transmission success probability of the
reference device under varying network radii.
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Fig. 8. Effect of the number of groups on the average Aol of the reference
device for bufferless sources and buffered sources.

0 is higher in networks with a larger R4, because the number
of APs (IV,) keeps constant in the simulations. The larger
R4, the lower the density of APs. Then, the serving clusters
of devices are more likely to be empty. This inspires us that
maintaining a certain AP density is important for the cell-free
mMIMO IIoT network.

B. Effect of Different Network Parameters

Fig. 8 and Fig. 9 illustrate the effect of the number of groups
(gc) on the average Aol and non-zero conditional transmis-
sion success probability of reference device xg, respectively.
In Fig. 8, in general the average Aol of x( decreases first and
then grows as g. increases. This indicates that the negative
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Fig. 9. CDF of the non-zero conditional transmission success probability
of the reference device under &, = 0.6: (a) Bufferless sources; (b) Buffered
sources.

effect of a larger g, is to increase the transmission period as
well as hinder information updating, and the positive effect
is to reduce interference and increase transmission success
probability. The observation is consistent with the analysis
at the end of Section 3. A special case is bufferless sources
with £, = 0.6, where the average Aol of xy continues to
increase. In this case, the positive effect of increasing g. is
not significant due to the light traffic and large conditional
transmission success probability. In addition, when the number
of groups is large (g. € {6,7,8}), the Aol variation of buffered
sources is smaller than that of bufferless sources. This is
because increasing g. has a more significant improvement
on conditional transmission success probability for buffered
sources. This can be observed by comparing Fig. 9(a) with
Fig. 9(b). To conclude, the average Aol benefits from increas-
ing the number of groups g. when the networks operate under
heavy traffic.

Fig. 10 shows the impact of the packet arrival probability in
a slot £, on the average Aol and non-zero conditional trans-
mission success probability of reference device x. To avoid
overlapping lines, Fig. 10 and the following figures show
only the numerical results. The following observation can
be obtained from Fig. 10: 1) Given g., the average Aol of
xo for bufferless sources reduces first and then enlarges as
&, increases. This is because, when £, is small, increasing &,
leads to more frequent information updating at the destination.
However, as &, becomes larger, the network traffic reaches
a higher level and the transmissions among different links
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Fig. 10. Effect of the packet arrival probability on the average Aol
and conditional transmission success probability of the reference device:
(a) Average Aol; (b) CDF of the non-zero conditional transmission success
probability under g. = 3.

severely interfere with each other, making the transmissions
more prone to failure. 2) For bufferless sources with a larger
& (e.g., & > 0.8), increasing g. is beneficial to improve the
average Aol of xo. However, given small &, the negative effect
of increasing g. is more profound. This is consistent with the
findings in Fig. 8. 3) For buffered sources with £, > 0.6,
the average Aol of xg is almost constant. By Theorem 2,
(1 — &.)9¢¢ approximates 0 and the conditional active proba-
bility of source nodes approximates 1. Therefore, continuing
to increase &. does not cause significant changes in traffic or
transmission success probability as shown in Fig. 10(b).

Fig. 11 shows the effect of the number of APs (NV,) and
the number of devices of priority ¢ (Ng,.) on the average
Aol of reference device xg given g. = 2 and 3. Fig. 11(a)
illustrates that the Aol performance improves for both buffered
and bufferless sources with the AP number. This is because the
more number of APs, the more benefit of cell-free mMIMO
architecture. In addition, utilizing buffer can improve the Aol
performance given a good communication environment, i.e.,
the networks with a larger AP density and a larger number of
groups. From Fig. 11(b) we can find that the Aol performance
deteriorates with the increase in the number of devices, which
is more pronounced in the networks with buffered sources
because the retransmission causes heavier traffic. Further, this
deterioration can be mitigated by appropriately setting g..

C. Relationship Between Location and Performance

Fig. 12 gives the average Aol of reference device xy under
varying SIR threshold 6’s and different distances between the
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Fig. 11. Effect of the number of nodes on the average Aol of the reference

device for bufferless sources and buffered sources: (a) Number of APs;
(b) Number of devices of priority c.
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Fig. 12. The average Aol of the reference device under varying SIR threshold
6’s and location v’s: (a) Bufferless sources; (b) Buffered sources.

device and the network center v’s. As v increases, the average
Aol of xy decreases slowly and then goes up sharply. The
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Fig. 13. Effect of the number of groups on the Aol cost and the network
average Aol: (a) Aol cost; (b) Network average Aol.

minimum value is achieved at v = 25 m. Given the network
radius R4 = 30 m and the association radius R, = 25 m, the
distance at which the reference device achieves the best Aol
performance is exactly v = Rq — R,. When devices with v <
Rq — R,, referred to as network-interior devices, are further
away from the network center, they are more likely distant
from other interfering devices, and thus the less interference
they will receive. For devices with v > R4 — R,, referred to
as network-edge devices, the area of their association regions
decreases rapidly with the increase of v. This suggests that
resource allocation can be appropriately skewed toward the
edge of the network.

D. Optimization of Aol

Fig. 13(a) shows the solution of optimization problem (38)
under different risk aversion indexes w.’s. For the tested
parameters, the Aol cost exhibits a convex-like function prop-
erty with respect to the number of groups g...® so we can obtain
the optimal g. by ternary search. We observe that the optimal
g. and w, values are closely related. Given a larger w,, g.
that results in a more even performance of different devices is
more appealing. In addition, for a given w, value, the optimal
number of groups g. of bufferless sources is significantly
smaller than that of buffered sources, as the network with
buffered sources has heavier traffic due to retransmission.
We can also observe that the value of w,. has a slight effect

OStrictly speaking, the Aol cost cannot be called a convex function of g
because it is not continuous.
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on the network with bufferless sources, where the variance of
the average Aol of all the devices is small.

To illustrate the effect of g. on the Aol cost, Fig. 13(b)
shows the relationship between the number of groups g. and
the network average Aol of priority ¢ as well as the standard
deviation of the average Aol of devices at different locations.
It is noteworthy that these results are independent of the
setting of w,.. For buffered sources and bufferless sources,
the network average Aol decreases first and then increases as
g. increases, which reveals the positive and negative effects of
a large g. and validates the findings from Fig. 8. Further, the
standard deviation decreases as g. increases. This is because
the transmission success probability gradually increases and
the Aol performance of devices at different locations tends to
be consistent.

VII. CONCLUSION

In this paper, we have explored the feasibility of applying
the cell-free mMIMO architecture to IIoT networks, con-
sidering the densely deployed devices. We have designed
a priority-aware frame structure that can flexibly carry het-
erogeneous information freshness requirements of multiple
applications. The design allows devices of different priorities
to adjust their own transmission periods according to their
requirements, thus can provide differentiated Aol guarantees.
Further, we have proposed a theoretical framework to analyze
the SIR meta distribution and average Aol of a generic device.
The framework captures the main factors of the IIoT network
such as cell-free mMIMO architecture, frame structure, finite-
sized geographic areas, device number, device priority, and
tangled space-time interactions among links. Based on the
analytical model, we have studied a mean-variance optimiza-
tion problem to balance the network average Aol and average
Aol per device. Numerical results show that the performance
of network-edge devices is significantly worse than that of
network-interior devices, enlightening us that resource can be
skewed toward network-edge devices. Increasing the transmis-
sion period can enhance the average Aol per device effectively
under networks with heavy traffic. In addition, exploring more
effective data detection cooperation mode among APs can be
considered as a potential direction for future work in cell-free
mMIMO IIoT networks. Analysis and design for arbitrarily
shaped finite-sized wireless networks require further research.

APPENDIX A
SKETCH OF PROOF OF THEOREM 1

According to (3), the conditional outage probability of the
link between device xy and AP y can be derived as
P (SIRgO,t <0 éxo)

©p [ﬁoozoo < 91’ éxo}

(b) T (M, 91/100)

:Ef[l‘ T (M) ‘D}
(c)

~E; { [1 ~exp (—(M!)—ﬁez/zoo)} .
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Fig. 14. The relations among the location of xo, the finite area

A =D(o, Rq), and the association radius Rj.
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where 7 = ine@;‘“\{xo} o3 thiolio, T (z1,22) is the upper

incomplete gamma function, and 3 = 6k; (M!)~ . Step (b)

comes from the fact that iy ~ Ga (M, 1) and step (c) holds
F(Il,zg) 1

T(z1) with Tr3 = (Il)'_;

as ~1—[1—exp(—z273)]""

APPENDIX B
SKETCH OF PROOF OF LEMMA 1

As shown in Fig. 14, we consider three cases.

Case 1. 0 < v < Rq — R,. In this case, the association
region of reference device xq is completely contained within
the network coverage area. Then, the CDF of the distance from
X( to a generic associated AP, R, is derived as

2
FR(r):IP’(Rgr):%,OgrgRa.

a

(40)

Taking the derivative of F'g () with respect to r, we obtain
the PDF of R, given by

2
fR(r):—g,O<7“<Ra.

(41)

Case 2: Ry — R, < v < Rgand 0 < r < Rq — v.
In this case, the association region of reference device x is
the intersection of circle (z —v)> + y2 = R2 and circle
z? + y? = RZ. Then, the abscissa of the intersection of the

v2+Rq%>—R

2
two circles is §; = 5. The area of the intersection

is
51 % Rd 1
S:/ 2[R§—(x—v)2} dx—i—/ 2(R3 — 2%)%da
v—R, 01

1 1
=R? (¢1 — 2sin2(b1> + R3 <¢2 — 2sin2¢2> . (42)
Then, the PDF of R is fr (r) = 2% where 0 < r < Rq —w.

Case 3: Rq— R, < v < Rqand Rq—v <r < R,. Similar
to Case 2, the CDF of R can be derived as

d2 1 Rq 1
FR(T) :%/ 2|:7’27(1’*v)2:|2dx+%/6 2(R(217z2)§d17

—r 2
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<¢3 — 151n2¢3> Rd <¢>4 — 151n2¢4> , (43)

2 2 2 2 2 2
v +Rd—r _ v +Rd—r
—54— and ¢4 = arccos ( —5, A — o

the derivative of F'z () with respect to r, we obtain the PDF
of R, given by fr (r) = % ¢s.

where do = ) Taking

APPENDIX C
SKETCH OF PROOF OF THEOREM 4

3|y k—1

Denote Yy, 3 =1-],207;, ey

of time slot, and s € {bl, bd} represents the type of sources.

For bufferless sources, there is no correlation among different

slots as retransmission is not allowed. Considering that device
. . bl|d

Xo Is sending out a packet, the b-th moment of Y, k‘ 4 can

be derived as follows:
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=[x () o (T ths.) |
~2{3 0 (o) I () o

ko

x; €03°\{x0}

, where ¢ is the index
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where step (a) is derived from Multinomial Theorem and
the approximation in step (b) is due to replacing [;,, =
L(|Ixi=ynll) with I (||x;—%0]|). That is, the distance between
interfering device x; and AP y,, is substituted with the distance
between x; and reference device x( served by AP y,,. We take
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this approximation to simplify the calculation. Specifically,
one device may be served by multiple APs in the cell-free
mMIMO network. Considering that the association regions of
devices vary with locations and may have an irregular shape as
shown in Fig. 14, locating each AP leads to extremely complex
mathematical representations. Intuitively, this approximation
is more suitable for networks with a large radius, where the
average distance from the device or its associated APs to
the interfering device is larger. The simulation results verify
the feasibility of this approximation under different network

parameters. According to Gil-Pelaez theorem, the CDF of

bl|d
Yo

*0

is given by
. I {99 M sy, (70)}
Fql;),lk,t(ﬂ) = 9~ A Wpo L dp.

Combining (6) and omitting subscripts ¢ yields Theorem 4.

(45)

APPENDIX D
SKETCH OF PROOF OF THEOREM 5

In the initial time, i.e., ¢ = 0, the conditional active
probability of all the devices of priority c is &.. As such, the
analysis of buffered sources is similar to that of bufferless

sources, leading to M_ .44, (b)) = M Pl (b). In time slot
Yo, k,0 . Yokt
b, . .
t, the b-th moment of Y, klt © can be derived iteratively. For

ease of exposition, denote nPG = P(op¢ = 1][|x]| = 2).
Then, we have
Mo
b b s
SO FRTCIEL BD SRRETCN

’Ukl 20
vo+...+vnr=k2
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x E
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9de

X
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TRy

Similarly, we can obtain FP kt(ﬁ) by utilizing Gil-Pelaez
theorem.
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