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Abstract—This paper extends classical network calculus to
spatial scenarios, adapting it to manage the spatial distribution
of links in wireless device-to-device networks. Considering the
wireless network with multi-priority users, we propose two reg-
ulations to characterize the upper bounds of the total power for
transmitters and total received interference for users. Using the
bipolar model, we introduce a power resource allocation strategy
tailored for multi-priority traffic. Inspired by Shannon’s theorem,
we define a logarithmic relationship between the required signal-
to-interference-plus-noise ratio (SINR) and transmitter power
for different user classes. This method aims to ensure quality
of service (QoS) of all links across varying traffic priorities by
integrating spatial and power allocation regulations. The result is
enhanced network performance, quantified by improvements in
link reliability and the establishment of lower bounds on SINR
thresholds.

Index Terms—Network Calculus, performance guarantees,
stochastic geometry, point process, wireless network.

I. INTRODUCTION

A. Motivations

The expansion of the Internet has significantly diversified
network services, elevating user expectations for quality of
service (QoS). Meanwhile, users engaged with various services
exhibit diverse requirements from the network, which neces-
sitates not only addressing the demands of users with higher
needs but also considering the service experience of those with
lesser requirements. Although the next generation of advanced
mobile communication systems, 6G, continues to push forward
research in energy efficiency, ultra-reliable and low-latency,
providing service guarantee for all users in any large-scale
multi-priority wireless network remains a challenging yet
critical endeavor [1], [2]. Hence, accommodating the varied
signal-to-interference-plus-noise ratio (SINR) requirements of
different user classes are the principal focus of this paper.

In response to the diverse demands of users, it is imperative
to implement precise power allocation strategy tailored to each
user class or traffic priority. Network calculus is dedicated
to assessing worst-case performance, proving deterministic
bounds on delay, backlog and other QoS parameters in wireline
networks. In contrast, wireless networks can utilize stochastic
geometry to regulate the spatial distribution of network nodes
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and derive provable performance guarantees. Given the vary-
ing priorities of network traffic and the scarcity of network
resources, effective regulation of spatial network deployment
and strategic allocation of limited wireless resources are es-
sential to meet these multi-priority traffic demands.

B. Related Works

In scenarios where resource availability is constrained, the
allocation of priority becomes a pivotal consideration. Choi
et al. [3] suggest a mechanism where vehicles engage in
transmission based on possessing the highest priority among
their neighboring vehicles. Kumar and colleagues [4] introduce
a method for assigning terminal priorities, factoring in both
the ongoing service and the terminal’s location. Abdel-Hadi
[5] focuses on finding the optimal solution for the resource
allocation problem that includes users with priorities. Lee’s
work [6] delves into the realm of optimal power allocation,
prioritizing services and thereby directing power allocation in
alignment with these priorities. In [4]–[6], the authors focused
on the multi-priority mechanisms and power resource alloca-
tion strategies in communication networks, which improves
performance and fairness to terminal users. However, the link
performance of all priorities may not be deterministically guar-
anteed due to the uncontrollable randomness of the transmitter
locations. Thus, in order to resolve this issue, the spatially
regulated point process should be considered.

Employing an appropriate point process is critical for ac-
curately modeling the spatial distribution of nodes in wireless
networks. Zhong [7] considers the commonly used Poisson
bipolar model to depict the spatial distribution of the devices,
characterizing the massive properties of massive and sporadic
access. When transmitters are modeled as a Poisson point pro-
cess and implemented an access control protocol like CSMA,
the effective transmitters are modeled as a Matérn hardcore
point process [8]. In [9], an extension of Matérn hardcore point
process is used, where the competition is based on pair-wise
SIR protection zones with the modification to the RTS/CTS
mechanism which defines a receiver-centered protection zone
to restricts other transmitters’ activity within the area. Mishra
et al. [10] employ stochastic geometry to realistically model
automotive radar interference, incorporating the Matérn point
process to account for the spatial mutual exclusion of vehicles.
Di Renzo et al. [11] uses Matérn hardcore point process for
modeling base stations within cellular networks. Chen [12]
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analyzes the stable packet arrival rate region in discrete-time
slotted random access network by arranging transmitters as
Matérn hardcore point process.

Performance guarantees in wireless networks encompass
link reliability, rate and latency guarantees for all links. Miao
[13] proposes joint power allocation algorithm with QoS
guarantee using convex optimization method which satisfies
the minimum rate constraint of delay-constraint service and
proportional fairness of best-effort service. Liu’s research [14]
proposes an algorithm that not only enhances the utility for
best-effort users but also diminishes the outage probability for
rate-constrained users.

In this study, we adapt the classical network calculus frame-
work [15]–[17] to regulate the distribution of transmit-receive
pairs in wireless device-to-device networks. The seminal work
of Cruz in classical network calculus introduces the (σ, ρ)
traffic regulation, where σ represents an allowable level of
initial burstiness, and ρ sets the upper limit for the long-term
average rate. The traffic flow is thus bounded by a baseline
constant σ and an additional rate ρ does scale the length of
the time interval [17].

Expanding these principles into spatial contexts, [18] applies
the parameters σ, ρ, and an additional parameter ν to govern
the number of wireless links, the cumulative received power,
and the interference within large-scale wireless networks.
This methodology leads to the development of (σ, ρ, ν)-ball
regulation and (σ, ρ, ν)-shot-noise regulation in spatial net-
work calculus. These regulations are extended to provide a
theoretical framework to ensure service guarantees for multi-
priority traffic demands in our study. Furthermore, our research
proposes a unique power resource allocation strategy. This
strategy is specifically designed to manage the allocation
of power in a bipolar network architecture [19], where the
distribution of transmitters follows a hardcore process, and
takes into account the presence of users or traffic of varying
priorities.

C. Contributions

Our approach innovatively expands traditional network cal-
culus into spatial domains, integrating it with advanced power
allocation strategies to effectively manage diverse network
demands. This integration of ball regulation and shot-noise
regulation with innovative power allocation is key in main-
taining service quality within a bipolar model, essential in
multi-priority traffic environments. Our research contributions
are summarized as follows:

• We extend spatial network calculus and performance
guarantees to wireless device-to-device networks with
multi-priority traffic and users.

• We propose a power allocation strategy that optimally
distributes limited power resources based on user priori-
ties.

• By combining ball and shot-noise regulation with our
power allocation strategy, we derive lower bounds for
link reliability and establish robust conditions to ensure
quality of service across various network scenarios.

This paper is organized as follows: Section II elaborates
on the system model considered in this paper. In Section III,
we propose several spatial regulations and power allocation
strategy to regulate the wireless network configuration. In
Section IV, we derive the link reliability lower bound for the
whole wireless network based on the regulations and strategy.
Numerical results are provided in Section V, and finally, the
conclusion is summarized in Section VI.

II. SYSTEM MODEL

This paper considers all links in large-scale wireless net-
works with multi-priority traffic. The Poisson point process
(PPP) model assumes that all nodes are independent and
ignores the effect of spatial mutual exclusion. To guarantee
the quality of service for multi-priority users and provide
more realistic interference effects, the Matérn hardcore point
process (MHCPP) is used instead of PPP (see Fig. 1). The
MHCPP model introduces mutually exclusive regulation to
the deployment of transmitters in wireless networks. This
ensures that the distance between transmitters is not less than
the hardcore distance H . We assume that the transmitters
are distributed as a MHCPP of type II, which has a higher
average density than type I, in order to accommodate more
users. Furthermore, the transmitter locations for users with
different priorities are modeled as independent hardcore point
processes, which are thinned from Poisson point processes
with varying hardcore distances. And we consider that the
retained links in the network are always active to derive the
worst-case bounds, without considering the impact of queuing.

Assume that there are M classes of users in a large wireless
network with different target SINR thresholds, θ1, θ2, . . . , θM ,
respectively, and assume that θ1 > θ2 > . . . > θM > 0.
We use a stationary and ergodic point process Φi on R2 to
denote the MHCPP which models the transmitter locations
corresponding to the i-th user class, and the hardcore distance
is Hi. We define Φ ≜

⋃
{Φi} as the superposition of the point

processes corresponding to different classes of users. Note
that the point process Φi is independent of each other. Use
Ψi to denote the point process corresponding to the receiver
locations which is jointly stationary and ergodic with Φi. The
link distance r0 > 0 between the receiver and its dedicated
transmitter is fixed in our assumption, such as some direct
communications. In order to meet requirements for different
user classes, we consider a power control scheme which
assigns different power Pi to their corresponding transmitters
for the i-th user class. Without loss of generality, we assume
that the bandwidth is normalized to 1.

In our study, we hypothesize that the channels within small-
scale wireless network models are characterized by two cases,
i.e. Rayleigh fading and remain without fading. Using the
bounded, non-increasing, continuous and integrable function
ℓ(r) as the path loss function and r0 denoting the distance
from the receiver to its dedicated transmitter, we can obtain
the representation of SINR for the i-th user class as

SINRi =
Pihxℓ(r0)

I +W
, (1)
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Fig. 1. Diagram of a bipolar network. Solid dots within dashed circles represent transmitters, distributed as a PPP with intensity λ = 0.3. Stars mark the
uniformly distributed receiver locations. Transmitters and receivers are separated by a fixed distance r0 = 0.5 meters. The network employs an MHCPP of
type II for the different demand links respectively, thinning the PPP where retained transmitters are shown in green dashed circles. Active links are color-coded
to indicate user SINR thresholds: orange links represent high threshold users with hardcore distance H1 = 1 meter, purple links represent medium threshold
users with H2 = 0.8 meters and blue for low threshold users with H3 = 0.5 meters.

where Pi denotes the transmit power of the transmitter cor-
responding to the i-th user class, I denotes the interference
power of the other signals in the network, from other trans-
mitters in the i-th class and all transmitters in other classes,
and W denotes the variance of the additive white Gaussian
noise.

We use hx to denote the small-scale fading from transmitter
x to the receiver we are interested in. For the case without
fading, we let hx = 1 for all transmitters to obtain a simplified
expression for SINR. Assuming that the Rayleigh fading
channels are independent and identically distributed (i.i.d.),
we have |hx| ∼ Rayleigh(1) and |hx|2 ∼ Exp(1).

III. SPATIAL REGULATIONS

In point processes without spatial regulations, such as
Poisson point processes, obtaining a lower bound for link
reliability in wireless networks of arbitrary size is unfeasible
due to potential high interference from nearby transmitters.
However, by applying spatial regulations, such as thinning a
Poisson point process into a hard-core point process, we can
establish upper bounds for both total transmitter power and
the combined received power plus interference within any area.
Introducing spatial exclusion between nodes serves as a spatial
regulation, enabling a link reliability lower bound across
the network. We will further define power regulation and
multi-priority shot-noise regulation and explain their physical
significance.

A. Definitions

Let P denote the power of an individual transmitter, which
is associated with the SINR threshold θ of the corresponding

user. Denote Pt(r) as the total power allocated to transmitters
within a circular area of radius r. Based on these notations,
we can provide the definitions of (σ, ρ, ν)-power regulation, β-
power allocation strategy, and multi-priority (σi, ρi, νi)-shot-
noise regulation.

Definition 1. (Strong (σ, ρ, ν)-power regulation). A stationary
point process Φ is strongly (σ, ρ, ν)-power regulation if for all
r ≥ 0,

Pt(r) ≤ (σ + ρr + νr2)P, P-a.s. (2)

where P is the power allocated to a single transmitter and
σ, ρ, ν are constants.

The strong regulation means that the upper bounds hold
within any area of radius r in space. Given the power of a
single transmitter for the i-th class of users, an upper bound
on the total power of all transmitters corresponding to that
class of users in a circle of radius r is

Pti(r) ≤ (σi + ρir + νir
2)Pi, (3)

where Pi is the power of a single transmitter related to the i-th
user class, Pti(r) denotes the total power of all transmitters
corresponding to the i-th user class in a circle of radius r and
σi, ρi, νi is related to the hardcore distance of Φi.

Lemma 1. Let Hi be the hardcore distance of the i-th class
of users in a network. Any hardcore point process on R2 with
hardcore distance Hi is strongly

(
1, 2π√

12Hi
, π√

12H2
i

)
-power

regulated [18].

Proof. Consider the densest packing scenario (see Fig. 2)
where Ni(r) represents the total number of transmitters for the
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i-th user classes within a region of radius r, and Hi denotes the
hardcore distance. Assuming the hardcore condition enforces
a minimum distance Hi between any two transmitters, and
the theoretical maximum density of a hardcore packing in
R2 is π√

12
, the upper bound of Ni(r) for r ≥ Hi is the

area of a larger circle of radius r + Hi, divided by the area
required per transmitter πH2

i Ni(r) ≤ π2(r+Hi)
2

√
12

. Expanding
and rearranging, we have:

Ni(r) ≤ 1 +
2πr√
12Hi

+
πr2√
12H2

i

(4)

Hence, we get the conclusion in the Lemma.

Fig. 2. Diagram of a triangular lattice with eight hexagonal rings of nodes
in wireless network. Solid dots represent transmitters, blue circles represent
guard zones with a radius of the hardcore distance H , and all retained
transmitters are located within a dashed circle with radius r. Ring k contains
6k nodes [20].

Definition 2. (Strong multi-priority (σi, ρi, νi)-shot-noise reg-
ulation). A stationary point process Φi is strongly multi-
priority (σi, ρi, νi)-shot-noise regulated if, for all non-
negative, bounded, and non-increasing functions ℓ : R+ → R+

and for all R > 0,∑
xj∈Φi∩b(o,R)

ℓ(∥xj∥) ≤ σiℓ(0)

+ ρi

∫ R

0

ℓ(r)dr + 2νi

∫ R

0

rℓ(r)dr, P-a.s.

(5)

When there is only one class of users, i.e., M = 1 ,
the multi-priority (σi, ρi, νi)-shot-noise regulation simplifies
to the standard (σ, ρ, ν)-shot-noise regulation used in spatial
network calculus [18].

By considering a special case and setting the function ℓ(·)
to be identically equal to 1, we derive a formulation akin to
the (σi, ρi, νi)-ball regulation for all R > 0, which can be
expressed as:

Ni(R) ≤ σi + ρiR+ νiR
2, (6)

where Ni(R) represents the number of transmitters for the
i-th class users within a circle of radius R. The (σi, ρi, νi)-
ball regulation uses the parameters (σi, ρi, νi) to regulate the
number of transmitters within a ball centered at the origin with
radius R.

Remark 1. By letting R → ∞, Eq (5) is equivalent to∑
xj∈Φi

ℓ(∥xj∥) ≤ Aℓi , P-a.s., (7)

where

Aℓi ≜ σiℓ(0) + ρi

∫ ∞

0

ℓ(r) dr + 2νi

∫ ∞

0

rℓ(r) dr (8)

defines the asymptotic upper bound on the total weighted
impact of all points in the process, weighted by function ℓ.

The physical meaning of the multi-priority (σi, ρi, νi)-shot-
noise regulation is that it describes how the power dynamics
operate within a spatially distributed network. Specifically, for
a user of the i-th class positioned at the origin, this regulation
governs the cumulative impact of both useful signal power
and interference from other transmitters belonging to the same
class as well as from those of other classes. The total impact
is bounded by the parameters σi, ρi, and νi, which are related
to the hardcore distance Hi. These constraints are functionally
implemented through the path loss function ℓ(·), which models
the decay of signal strength with distance in wireless networks.

Since the MHCPP is a stationary point process, we can
place the user of the i-th class at the origin without loss of
generality and denote its dedicated transmitter by x0 ∈ Φi.
In a network with M classes of users, the total interference
received by the user at the origin can be expressed as:

Ii =

M∑
j=1

∑
xk∈Φj\{x0}

Pjhxk
ℓ(∥xk∥). (9)

If we consider the scenario without fading, i.e., hxk
= 1,

the interference received by the user in the i-th class can be
bounded from above as:

Ii ≤
M∑
j=1

PjAℓj − Piℓ(r0). (10)

For different target SINR thresholds θi > 0 given to
different classes of users, the link reliability of i-th class is:

Ps(θi | Φ) ≜ P(SINRi > θi | Φ), (11)

where Φ =
⋃M

i=1{Φi} represents the superposition of the point
processes corresponding to M classes of users, and Ps(θi |
Φ) ∈ [0, 1] is a random variable conditioned on the locations
of the transmitters. Link reliability can be interpreted as the
probability that the SINR of a link with its user located at the
origin exceeds the threshold θi, given a network realization
Φ, and accounting for the effects of fading. The distribution
associated with Ps(θi | Φ) is known as the meta distribution
[21], [22].
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Although the link reliability Ps(θi | Φ) is subject to
randomness due to fading, a definite lower bound xi can be
established for users in the i-th class such that

P (Ps (θi | Φ) > xi) = 1. (12)

This value, xi, is termed the reliability lower bound for all
links associated with the i-th class. Similarly, if we require
that 80% of the links meet the SINR threshold requirement,
it can be expressed as P (Ps (θi | Φ) > xi) = 0.8.

The challenge then is to determine how to achieve a
deterministic lower bound xi for all links of the i-th class
of users within a large-scale wireless network with multiple
users of varying priorities, through our proposed regulatory
measures.

B. Link Reliability

For users in the i-th class with a target SINR threshold
θi > 0, considering the scenario of Rayleigh fading channels,
the link reliability given by Eq. (11) is:

Ps(θi | Φ)
(a)
= P

[
Pihxℓ(r0)

I +W
> θi

∣∣∣∣∣Φ
]

(b)
= E

[
exp

(
−θi(I +W )

Piℓ(r0)

) ∣∣∣∣∣Φ
]
,

(13)

where (a) arises from the definition of SINR, (b) follows from
the property that hx, the small-scale fading factor, adheres
to an exponential distribution, and Pi represents the power
allocated to the i-th class of transmitters.

Considering the forms of interference, the link reliability
for the i-th class user in a large-scale wireless network, which
encompasses M classes of users, can be calculated by:

Ps (θi | Φ) = exp

(
− θiW

Piℓ(r0)

)

× E
[
exp

(
−

θi

(∑M
j=1

∑
xk∈Φj\{x0} Pjhxk

ℓ(∥xk∥)
)

Piℓ(r0)

)]
.

(14)
where x0 ∈ Φi denotes a dedicated transmitter for the i-th
class of uses.

C. Bound of Link Reliability

By applying the principles of spatial network calculus, the
upper bounds of the power and the lower bounds of the link
reliability in a wireless network can be derived.

Consider a wireless network where the transmitters related
to the i-th user class are distributed as a hardcore point process
Φi on R2 with a minimum separation distance (hardcore
distance) Hi. Therefore, the distribution of transmitters cor-
responding to all classes of users is a superposition of Φi, i.e.,
Φ =

⋃M
i=1{Φi}. This setup implies that the point process Φi is

strongly (1, 2π/(
√
12Hi), π/(

√
12H2

i ))-ball regulated. For all
R > 0, there is a theoretical upper limit on the total number
of transmitters across all classes, expressed as:

N(R) ≜
M∑
i=1

Ni(R) ≤ σ̃ + ρ̃R+ ν̃R2, (15)

where σ̃ =
∑M

i=1 σi, ρ̃ =
∑M

i=1 ρi and ν̃ =
∑M

i=1 νi.
Let Φi be a Matérn hardcore point process on R2, b(o, r) ⊂

R2 denote the circular area with r > 0 centered at the origin
and Ni(r) ≜ Φi(b(o, r)) denote the number of transmitters for
the i-th class of users in b(o, r). Let the total power allocated
to all transmitters in the entire wireless network be denoted
as Ptotal, and consider that there are M classes of users,
with their transmitters’ location distributions corresponding to
specific hardcore distance Hi. Thus, Ptotal can be calculated
as:

Ptotal =

M∑
i=1

Ni(r)Pi ≤
M∑
i=1

(σi + ρir + νir
2)Pi

=

M∑
i=1

Pi +

M∑
i=1

2π√
12

(
Pi

Hi

)
r +

M∑
i=1

π√
12

(
Pi

H2
i

)
r2,

(16)

where σi = 1, ρi = 2π/(
√
12Hi), νi = π/(

√
12H2

i ). This
inequality shows an upper bound to the total transmission
power of the network.

IV. POWER ALLOCATION STRATEGY

In this section, we explore the impact of the β-power alloca-
tion strategy on network performance, specifically under the
conditions of the strong multi-priority (σi, ρi, νi)-shot-noise
regulation introduced earlier. We will examine how this strat-
egy influences the distribution and utilization of power across
different classes of users within the network. Additionally, we
aim to derive a lower bound on the link reliability for networks
with multi-priority users, demonstrating how strategic power
allocation can enhance overall network reliability.

Within the network, power allocation strategies are tailored
to meet the requirements of different user classes, ensuring
equal power distribution within the same class while varying
power across different classes based on their SINR thresholds.
Higher priority classes with more stringent quality of service
requirements receive more power to meet their needs. This
leads us to the following power control scheme.

Definition 3. (β-power allocation). Let β > 0 be a constant.
The power P allocated to a link with a target SINR threshold
θ is

P = ln(1 + βθ), (17)

According to Definition 3, the power allocated to each class
must meet the minimum requirement to satisfy its designated
SINR threshold, θi. For the i-th class, the minimum required
power is

Pi = ln(1 + βθi), (18)

where θi represents the lowest SINR threshold necessary for
the users in the i-th class to achieve satisfactory service quality.
This is inspired by Shannon’s theorem and assumes that an
increase in the SINR threshold θi indicates an increase in user
demand.

Thus, the minimum transmit power required for each trans-
mitter can be calculated based on the diverse SINR thresholds
assigned to different classes of users. This helps to ascertain
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which user classes are capable of being satisfied under the
current network settings and power allocation strategy.

First, let us consider the scenario where all classes of
users achieve their required service levels and the transmitters
located within a circular area of radius r where the number of
transmitters corresponding to the i-th class of users is Ni(r).
The total power consumption for all transmitters within the
network is given by:

Ptotal =

M∑
i=1

Ni(r)Pi

≤
M∑
i=1

(σi + ρir + νir
2)ln(1 + βθi).

(19)

We address the problem of determining whether a reliability
lower bound exists for the SINR threshold θi such that the
following theorem holds.

Theorem 1. Considering Rayleigh fading, if the transmit
power Pi for the i-th class is β-power allocated and the point
process Φi is multi-priority (σi, ρi, νi)-shot-noise regulated,
then the link reliability Ps(θi | Φ) satisfies:

Ps(θi | Φ) ≥ exp

(
− θiW

Piℓ(r0)

)
× exp

(
−

M∑
j=1

Aℓ̃j
+ ℓ̃i(r0)

)
,P-a.s.,

(20)

where Aℓ̃j
denotes adjusted interference from other classes, Φ

is the superposition of Φi.

Proof. The reliability Ps(θi | Φ) can be evaluated by integrat-
ing over the interference and noise as follows:

Ps(θi | Φ) = E
[
exp

(
−θi(I +W )

Piℓ(r0)

) ∣∣∣∣Φ]
= exp

(
− θiW

Piℓ(r0)

)
E
[
exp

(
− θiI

Piℓ(r0)

) ∣∣∣∣Φi

]
= exp

(
− θiW

Piℓ(r0)

) M∏
j=1

∏
xk∈Φj\{x0}

1

1 +
θiPjℓ(∥xk∥)

Piℓ(r0)

= exp

(
− θiW

Piℓ(r0)

)
×

M∏
j=1

exp

(
−

∑
xk∈Φj\{x0}

ln

(
1 +

θiPjℓ(∥xk∥)
Piℓ(r0)

))
,

(21)

where ℓ̃j(r) ≜ ln
(
1+

θiPjℓ(r)
Piℓ(r0)

)
is non-increasing, monotonic,

and bounded. By combining the equation (8), we get an
explicit formula for an a.s. the lower bound on Ps(θ) in the
special case of Rayleigh fading. This derivation shows that the
SINR exceeds the threshold θi with a probability constrained
by noise and interference, providing a lower bound on the link
reliability for i-th class users by considering the combined
effects of power allocation and interference regulation.

The above theorem holds for general path loss ℓ(·). Spe-
cially, for the case where ℓ(r) = min{1, r−α}, we get

Aℓ̃j
=σj ln

(
1 +

θ̃j
ℓ(r0)

)

+
αρj θ̃j 2F1

(
1− 1

α , 1; 2−
1
α ;−

θ̃j
ℓ(r0)

)
(α− 1)ℓ(r0)

+
ανj θ̃j 2F1

(
1− 2

α , 1; 2−
2
α ;−

θ̃j
ℓ(r0)

)
(α− 2)ℓ(r0)

.

(22)

where θ̃j = Pjθi/Pi.

V. NUMERICAL RESULTS

In this section, we delve into the performance evaluation
of a wireless network serving two distinct classes of users,
categorized based on their SINR thresholds: high-priority and
low-priority. We conduct simulations to assess the practical
effectiveness of our theoretical models and to compare the sim-
ulated outcomes with the theoretically derived lower bounds
of link reliability. The simulation environment is configured
with transmitters arranged in a triangular lattice within a
circular region of radius r = 100 meters, adhering to hardcore
distances H1 = 1 meter for high-priority users and H2 = 1
meter for low-priority users. This configuration ensures that
the distribution of transmitters corresponding to users of
different priorities is mutually independent and unaffected by
users of other priorities. However, the i-th class of users are
still subject to interference from the transmitters corresponding
to users of other classes. The point process governing the
locations of the transmitters Φi is strongly regulated by a
(1, 2π/(

√
12Hi), π/(

√
12H2

i ))-ball regulation model, which
provides a basis for calculating theoretical lower bounds and
conducting rigorous simulations. The simulation parameters
include SINR thresholds θ1 and θ2 for high-priority and low-
priority users, respectively, assuming θ1 > θ2 > 0. Additional
parameters are set as follows: power factor β = 1, noise power
W = 0 and a distance r0 = 1 meter between users and their
dedicated transmitters. The path loss function is defined as
ℓ(r) = min{1, r−α}. In subsequent analyses, we set the pass
loss exponent, denoted as α, to 4. We define the reference
threshold as θ, setting θ1 equal to θ and θ2 to θ − 3dB.

Fig. 3 illustrates the variation in the lower bounds of link
reliability for two classes of users as their SINR thresholds (θ1
and θ2) change. This figure includes both simulation results
and theoretical calculations for high-priority users and low-
priority users respectively. For users with the same priority,
the vertical gap represents the differences in the link reliability
lower bound between simulation results and theoretical cal-
culations. This discrepancy primarily influenced by the point
process modeling the locations of transmitters and the path
loss function. The horizontal gap indicates the difference in
SINR threshold required to achieve the desired link reliability.
Notably, when the link reliability exceeds 0.8, the horizontal
deviations between the simulation results and the theoretical
lower bounds are less than 3 dB for high-priority users and
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Fig. 3. Link Reliability vs. the Changes of the Users’ Thresholds.

2 dB for low-priority users. As the SINR threshold increases,
the lower bound of link reliability decreases. This indicates
that higher user demands make it increasingly difficult to
meet all user requirements. Low-priority users suffer from
lower link reliability than high-priority users because their
dedicated transmitters are allocated less power, leading to a
lower SINR, thus necessitating a lower threshold to satisfy
their requirements.
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Fig. 4. Link Reliability with Different Hardcore Distances

Fig. 4 depicts the impact of different hardcore distances
on the link reliability lower bound for high-priority users.
This analysis considers scenarios where transmitters for high-
priority and low-priority users are positioned at distinct hard-
core distances. Specifically, when the hardcore distances H1

and H2 are both set to 1 meter, the link reliability lower
bound reaches its minimum. This decrease is attributed to
the increase density of transmitters, which intensifies the
interference within the wireless network. Additionally, when

the hardcore distances are set as H1 = 2 meters and H2 = 1
meter, a higher link reliability lower bound is observed. This
improvement can be attributed not only to the reduced density
of transmitters regulated by the hardcore distance, but also to
the power allocation strategy, which allocates less power to
low-priority transmitters, thereby reducing the overall level of
interference within the wireless network.

0 50 100 150 200

Power Allocation Parameter 

0.5

0.6

0.7

0.8

0.9

1

L
in

k
 R

el
ia

b
il

it
y
 L

o
w

er
 B

o
u
n
d

simuHigh

simuLow

theoHigh

theoLow

Fig. 5. Link Reliability vs. the Changes of β

In Fig. 5, the impact of the parameter β within the β-
power allocation strategy on link reliability lower bound, with
β varying from 1 to 200 and θ set at −15 dB, is illustrated.
It shows a clear increase in the link reliability lower bound
for low-priority users as β increases, which coincides with a
decrease in link reliability lower bound for high-priority users.
Additionally, there is no optimal β value that achieves higher
link reliability lower bound for both high-priority and low-
priority users simultaneously.
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Fig. 6. Total Power for Transmitters vs. the Changes of θ

Fig. 6 examines the variations in total power consumption
of the transmitters with changes in the SINR threshold θ,
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Fig. 7. Link Reliability Lower Bound vs. the Changes of θ

comparing two power allocation strategies: P = ln (1 + βθ)
as mentioned in Def. 3 and P = βθ. The theoretical results
provide the upper bound on Ptotal, as derived from Eq. (16).
The proposed power allocation strategy consumes less total
power under every SINR thresholds, and the power difference
continues to increase as the SINR threshold increases. This
implies that utilizing the β-power allocation strategy is more
effective to reduce power consumption. Fig. 7 presents a com-
parison of the link reliability lower bounds for high-priority
and low-priority users under two different power allocation
strategies, given equal total power for transmitters. The figures
indicate that using the allocation strategy P = ln (1 + βθ)
slightly enhances the link reliability lower bound for low-
priority users, with no marked impact on high-priority users.

VI. CONCLUSION

This study introduced novel regulatory frameworks tailored
for managing multi-priority traffic within large-scale wireless
networks, utilizing the Matérn II method to ensure these
regulations can be algorithmically implemented. Our work
provides computable bounds on link performance suitable for
various user priorities, establishing a robust analytical frame-
work for evaluating network efficiency. Monte Carlo simu-
lations validated our approach across different user classes,
underscoring the practical relevance and efficacy of our regu-
latory strategies in real-world settings.

Looking ahead, our research will explore the integration
of queuing theory in the time domain with spatial-temporal
network calculus to enhance service quality across different
priority levels. We also plan to assess the impacts of en-

vironmental factors such as shadowing and strategies such
as dynamic power control and load balancing on network
performance, aiming to refine and extend the performance
guarantees essential for future wireless network deployments.
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