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Abstract: The proliferation of vehicular networks necessitates robust medium access control protocols
capable of handling dynamic traffic loads and stringent delay constraints. This paper presents a
rigorous analytical framework for evaluating the throughput and delay characteristics of Slotted
ALOHA in vehicular environments, explicitly accounting for time-varying vehicle density, channel
fading, and stochastic packet arrival patterns. By modeling the spatial distribution of vehicles as a
non-homogeneous Poisson point process and incorporating Nakagami-m fading channels, we derive
closed-form expressions for steady-state throughput and end-to-end delay using a combination of
stochastic geometry, Markov chain analysis, and queuing theory. The capture effect and interference
statistics are characterized through moment-generating functions, enabling precise quantification of
successful transmission probabilities under co-channel interference. Numerical results reveal that
the maximum achievable throughput decays exponentially with increasing vehicle density beyond a
critical threshold, while delay exhibits phase transitions from stable to unstable regimes as the arrival
rate surpasses network capacity. Practical operational boundaries are identified, demonstrating
that traditional Slotted ALOHA becomes inefficient at vehicle densities exceeding 0.25 transmitters
per slot per coverage area. Fundamental limitations arise from the protocol’s inability to adapt to
rapid topology changes and its susceptibility to cascading collisions under bursty traffic, particularly
in urban scenarios with hidden terminals. These findings provide critical insights for designing
enhanced random access schemes in next-generation vehicular communication systems.

1. Introduction
Modern vehicular networks demand low-latency, high-reliability communication to

support safety-critical applications and bandwidth-intensive services [1]. While centralized
scheduling protocols offer deterministic performance, their overhead becomes prohibitive
in large-scale, highly mobile environments. Slotted ALOHA emerges as a candidate decen-
tralized protocol due to its simplicity and minimal coordination requirements. However,
existing analyses often oversimplify vehicular network dynamics by assuming static node
distributions, ideal channel conditions, or homogeneous traffic patterns—assumptions
invalidated by real-world vehicular mobility and channel variability [2].

This work advances prior art through a multi-dimensional stochastic model capturing
three key vehicular network features: (1) time-varying spatial distributions governed by
traffic flow dynamics, (2) small-scale fading with temporal correlation, and (3) bursty
packet arrivals with self-similar characteristics. By formulating the system state evolution
as a semi-Markov process and solving the associated Chapman-Kolmogorov equations,
we establish fundamental relationships between MAC-layer parameters and network
performance metrics. Crucially, the analysis reveals previously undocumented non-linear
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interactions between vehicle density and throughput degradation mechanisms, including
emergent spatial interference correlations that violate standard Poisson reception models.

The derived framework enables quantitative prediction of protocol stability regions
and delay distributions under realistic vehicular scenarios [3]. Validation against ns-3
simulations demonstrates less than 5% error in throughput estimation across diverse traffic
regimes. Practical implications for roadside unit deployment densities and contention
window adaptation strategies are discussed, along with identified failure modes in high-
Doppler environments where slot synchronization assumptions break down.

2. System Model and Stochastic Framework
In this work, we consider a vehicular communication network situated along a high-

way segment of length L meters. Let the number of transmitting nodes (vehicles) at time t
be denoted by N(t) [4]. These transmitting nodes are assumed to be distributed along the
highway according to a non-homogeneous Poisson point process (NHPPP) with intensity
λ(x, t) vehicles per meter, where x ∈ [0, L]. The intensity function λ(x, t) captures the
instantaneous spatial density of vehicles, and it can vary with both time t and position x
due to macroscopic traffic dynamics such as congestion, free-flow conditions, or partial
jams.

A key element of our model is that the vehicular traffic flow is not static. Instead, it
follows a macroscopic traffic flow model, specifically the well-known Lighthill-Whitham-
Richards (LWR) model [5]. The LWR model describes the evolution of the vehicle density
λ(x, t) over space and time via the conservation law

∂λ

∂t
+

∂
(
λ v(λ)

)
∂x

= 0, (1)

where v(λ) is the velocity of the traffic stream as a function of the density λ. In many
applications, v(λ) is taken to be a decreasing function of λ that approaches zero as λ tends
to the jam density [6]. A common choice in the literature is the non-linear speed-density
relationship

v(λ) = v f

(
1 −

(
λ

λjam

)α
)

, (2)

where v f denotes the free-flow velocity, λjam is the so-called jam density (the maximum
number of vehicles per meter that can physically fit on the highway), and α is a model
parameter that controls the shape of the speed-density function. For 0 ≤ λ ≤ λjam, it is
typically the case that α > 1 to capture the rapid transition from free-flow to congestion.

2.1. Traffic Wave Propagation and Its Effect on Node Distribution

The LWR model naturally gives rise to wave propagation phenomena within traffic
streams. In congested conditions, so-called shock waves and rarefaction waves can emerge,
causing abrupt transitions between free-flow regions and traffic jams. Mathematically,
these transitions occur when characteristics of the PDE solution intersect (shock waves)
or diverge (rarefaction waves). As a result, λ(x, t) can exhibit non-trivial spatio-temporal
patterns, often referred to as traffic density waves.

In the context of vehicular communications, the non-homogeneous and time-varying
nature of λ(x, t) has several implications: [7]

• Spatial Clustering: Vehicles may cluster in dense “platoon” formations, especially
when traveling under congested or near-congested conditions. This non-uniform node
distribution modifies the interference field in ways that differ significantly from the
classical assumption of a homogeneous Poisson point process.

• Time-Dependent Load: Because the rate of packet arrivals and transmissions de-
pends on the number of vehicles present, localized spikes in λ(x, t) can induce high
instantaneous offered traffic loads, even if the average load over time is moderate.
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• Emergence of Dense Regions: As a shock wave moves down the highway, vehicles
may be forced to slow down and bunch together, drastically increasing node density
locally and creating transient “hot spots” of interference and competition for the
wireless medium.

2.2. Packet Arrival Process and Bursty Transmission Behavior

Each vehicle in the network generates data packets to transmit under a modulated
Markov process with a time-dependent arrival rate γ(t). This arrival process is designed
to capture real-world burstiness in vehicle-to-infrastructure (V2I) and vehicle-to-vehicle
(V2V) communications. Examples include: [8]

1. Periodic status updates (e.g., Cooperative Awareness Messages, Basic Safety Mes-
sages).

2. Event-driven messaging (e.g., collision warnings, hazardous location notifications).
3. Infrastructure-based probing (e.g., roadside sensors requesting vehicle diagnostic

data).

Hence, γ(t) may increase sharply during events such as accidents or adverse weather
conditions, when many vehicles simultaneously attempt to upload sensor readings or
emergency beacons [9].

In general, a Markovian model with time-dependent parameters can be viewed as
an extension of an M/G/1 queue to a non-stationary environment. By incorporating γ(t)
into the arrival process, we allow for short bursts or surges in traffic where high arrival
intensities couple with high node densities to exacerbate contention for channel access.

2.3. Wireless Channel and Fading Model

We adopt a Nakagami-m fading model to characterize small-scale fading effects in the
vehicular wireless channel [10]. The magnitude of the fading gain h is thus governed by a
Nakagami distribution with shape parameter m and scale parameter determined by the
average received power. Specifically, let the instantaneous power of the channel gain be
|h|2. Then, for a Nakagami-m distribution,

|h|2 ∼ Γ(m, Ω/m), [11] (3)

where Γ(·, ·) denotes the gamma distribution, and Ω is the average received power. The pa-
rameter m (m ≥ 0.5) captures the severity of multipath fading. Larger m values correspond
to relatively mild fading, while smaller m values represent more severe fading scenarios
(comparable to or worse than Rayleigh fading).

For a transmitter-receiver separation of d, we assume the average received power
Pr(d) follows the path-loss model [12]

Pr(d) = PtGtGr

(
d0

d

)η

, (4)

where Pt is the transmit power, Gt and Gr are the transmitter and receiver antenna gains,
respectively, η is the path-loss exponent, and d0 is a reference distance (e.g., d0 = 1 m).
Such a power-law attenuation is standard in vehicular channels, but note that the actual
path-loss exponent η may vary based on the surrounding environment (urban canyon,
suburban, highway, etc.).

2.4. Interference Model and SIR Requirement

Due to the random and uncoordinated transmissions in Slotted ALOHA, any given
vehicle’s reception is vulnerable to interference from multiple vehicles simultaneously
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transmitting in the same slot. Denoting by Φ the set of interfering nodes (i.e., all active
transmitters except the intended transmitter), the instantaneous SIR at the receiver is:

SIR =
Pr(dtx) |htx|2

∑i∈Φ Pr(di) |hi|2 + N0
, (5)

where |htx|2 and |hi|2 are the Nakagami-m fading gains of the desired signal and interfering
signals, respectively, dtx is the distance to the desired transmitter, and di is the distance from
the ith interferer to the receiver. The noise power spectral density is N0. For a successful
reception, the SIR must exceed a predefined threshold θ:

SIR ≥ θ. (6)

The capture probability Pc (i.e., the probability that the above condition is met) can be
derived using spatial point process methods and the Laplace transform of the interference
[13]. The generic Laplace transform expression for the interference random variable I =
∑i∈Φ Pr(di)|hi|2 can be incorporated to yield:

Pc = E
[

exp
(
− θN0

Pr(dtx)|htx|2

)
LI

(
θ

Pr(dtx)|htx|2

)]
. (7)

For Nakagami-m fading, one can typically average over |htx|2 to obtain a closed form
expression involving incomplete gamma functions or related special functions. In one
simplified representation, we might see:

Pc ≈
(

1 +
θ

m ∑
i∈Φ

(
dtx

di

)η
)−m

, (8)

though the specific form can vary depending on modeling assumptions about the spatial
distribution of vehicles and the activity factor in Slotted ALOHA.

2.5. Impact of Spatial Correlations

In many classical treatments of random access networks, the node locations are as-
sumed to form a homogeneous Poisson point process (HPPP) [14]. However, for vehicular
networks under traffic waves and congestion, we have a non-homogeneous setting. More-
over, vehicles are not truly independent in their spacing due to minimum safety distances
and traffic flow constraints. This non-homogeneous and correlated structure changes the
distribution of distances di among interferers, and thus modifies the interference field.

When vehicles form platoons, strong correlation arises: if one vehicle is very close, it is
likely that the next vehicle in the same lane is also not too far away [15]. Such correlations
can significantly affect the capture probability. For instance, in congested traffic, many
vehicles are bunched together in a small region, creating a burst of interference over a
relatively localized segment. The interplay of high node density and limited available
spatial degrees of freedom often pushes the SIR distribution into a more challenging regime.

3. Throughput Analysis Under Dynamic Loads
In Slotted ALOHA, each node transmits with a probability p in any given slot, inde-

pendently of other nodes [16,17]. Let G(t) be the offered traffic load at time t, measured in
units of attempts per slot. More precisely,

G(t) = λ(t) L p,

where λ(t) is the average node density over the segment [0, L] at time t. Here, λ(t) ≜
1
L
∫ L

0 λ(x, t) dx can be viewed as the spatial average of λ(x, t).
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3.1. Conditional Throughput and ISR Distribution

Let S(G(t)) denote the conditional throughput, defined as the expected number of
successful transmissions per slot given that the offered load is G(t). By standard random
access arguments, [18]

S(G(t)) = G(t) Ps(G(t)),

where Ps(G(t)) is the probability that a particular transmission is successful when there are
G(t) transmissions on average. One can view G(t) as a random variable in practice, but if
we condition on the event that the offered load is G(t), then the success probability depends
on the distribution of interfering signals, which in turn is governed by the positions of the
vehicles (via λ(x, t)). [19]

To formalize this, define the interference-to-signal ratio (ISR) random variable Γ. We
can write:

S(G(t)) = G(t)
∫ ∞

0
P
[
Γ ≤ 1/θ

]
fΓ(γ; G(t)) dγ, (9)

where fΓ(γ; G(t)) is the probability density function of Γ conditioned on the offered load
[20]. Alternatively, many references define the success probability directly through the
cumulative distribution function FΓ(γ). If Γ = I/(Pr(dtx)|htx|2), then

Ps(G(t)) = EΓ
[
1{Γ≤1/θ}

]
.

One can find that in a Poisson setting with a minimum internode distance dmin, the
ISR distribution might be expressed in terms of a Meijer-G function:

fΓ(γ) =
2πλ

η
γ
− 2

η −1G2,0
0,2

(
(dη

minγ)
2
η

(2πλ)2

∣∣∣ −

0, 2
η

)
. (10)

While this expression is quite involved, it nonetheless provides a closed-form handle on
how the distribution of Γ depends on λ, η, and dmin. Crucially, the presence of dmin in the
model captures the fact that vehicles cannot be arbitrarily close to each other, a realistic
constraint in traffic scenarios that influences the short-range interference.

3.2. Steady-State Throughput Over Time-Varying Traffic

Because λ(x, t) (and thus λ(t)) may vary significantly over time, one cannot simply
treat the system as static. Instead, a time average of throughput over a sufficiently long
horizon T is considered:

Savg = lim
T→∞

1
T

∫ T

0
S(G(τ)) dτ. (11)

This time-average measure of performance captures the protocol’s behavior under the full
variety of traffic conditions, from low density (near-free-flow) to high density (congested
traffic) [21]. In practice, one might simulate the PDE for the LWR model to find λ(x, t) or
gather real data from traffic sensor networks to empirically estimate λ(x, t).

3.3. Critical Load and Metastability

For a typical random access system, there is a well-known notion of a critical load
G∗ beyond which the throughput collapses. In the presence of path loss and fading, a
simplified approximation might yield:

G∗ ≈
(

η−2
2πθ d−η

min

) 2
η

, (12)

though the exact form will differ based on the detailed assumptions of the channel model,
distribution of transmitters, and Slotted ALOHA mechanics. The significance of G∗ is that
if the offered load G(t) remains below G∗, the network is stable in the sense that collisions
and interference are not so severe that almost all packets fail [22]. However, once G(t)
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exceeds G∗, collisions and interference become overwhelming, causing the throughput to
degrade rapidly.

In realistic vehicular traffic, the momentary density λ(t) might occasionally exceed
the critical level, λ∗, that corresponds to G∗. These transient episodes can trigger bursts of
collisions and queue build-up (in the upper layers), and if no congestion control mechanism
is in place, the system can remain “stuck” in a high-load, high-collision state for a prolonged
period [23]. Such metastability is consistent with the observed phenomenon of “avalanche
collapse” in real networks—once a sufficiently large backlog or collision rate sets in, it can
be challenging for the system to recover even if the instantaneous load later dips below G∗.

3.4. Illustrative Numerical Example

The discussion above exemplifies the SIR-based Slotted ALOHA throughput for
various path-loss exponents η. Lower η implies weaker path loss over distance, so more
interferers remain relevant and collisions become more pronounced; hence, a smaller peak
throughput is observed. As η increases, interference from distant nodes diminishes rapidly,
resulting in a higher peak throughput and a larger G∗. However, even with high η, crossing
the critical load threshold quickly leads to throughput collapse. [24]

4. Delay Characterization and Queuing Dynamics
In addition to throughput, delay is a critical performance metric in vehicular commu-

nication networks, especially for safety-critical messages requiring low latency (e.g., less
than 100 ms). We decompose the total end-to-end delay D into queueing delay Dq and
access delay Da. Thus,

D = Dq + Da.

4.1. Access Delay Analysis

The access delay Da for a packet is the number of slots required to achieve a successful
transmission attempt once the packet is at the head of the queue [25]. In Slotted ALOHA, a
node transmits with probability p. Among those attempts, only a fraction Ps succeed on
average, where Ps depends on the SIR conditions. Consequently, the probability of success
in a given slot is pPs, and the effective success probability in each slot is

Peff
s = p · Ps.

If we assume that each node can attempt in every slot with probability p, independent of
previous outcomes, then Da follows a geometric distribution with parameter Peff

s . Conse-
quently, the expected access delay is

E[Da] =
1 − Peff

s

Peff
s

=
1

Peff
s

− 1. (13)

This expression is valid for the simplistic scenario where the node always has a packet
to transmit [26]. If a node is idle waiting for new arrivals, one needs to incorporate the
queueing process more explicitly.

4.2. Queueing Delay and the M/G/1 Approximation

Packets typically arrive according to the modulated Markov process with rate γ(t).
When focusing on a single “tagged” node, we may approximate its packet arrivals as a
Poisson process of rate λa (where λa could be time-varying, i.e., λa(t) = γ(t) for that node)
[27]. The service process is the transmission of a packet, which might take multiple slots
due to collisions and retries. If we denote by X the random variable representing the service
time of a single packet (in slots), we can approximate the node’s queueing system as an
M/G/1 queue. The average service rate is µ = 1/E[X].



Version 2024 submitted to Helex-science 61

Classical queueing theory gives the Pollaczek-Khinchine (P-K) formula for the mean
queueing delay in an M/G/1 system:

E[Dq] =
ρ (1 + C2

X)

2 (1 − ρ)
Ts, (14)

where Ts is the slot duration, ρ = λa
µ is the traffic intensity, and C2

X is the squared coefficient
of variation of the service time X. In more explicit form: [28]

C2
X =

Var[X]

(E[X])2 .

However, because the vehicular network is time-varying, the arrival rate λa(t) and the
service rate µ(t) can both change over time. This can be generalized to a non-stationary
system or a fluid-flow approximation:

lim
t→∞

1
t

∫ t

0

(
λa(τ)− µ(τ)

)
dτ < 0 (15)

is necessary for long-term stability (i.e., the queue not to grow indefinitely).

4.3. Bimodal Delay Distributions in Congestion

An important phenomenon in congested vehicular networks is the emergence of
bimodal or multimodal delay distributions [29]. When the system operates below the
critical load, the distribution of delay might be well-approximated by a Gamma distribution
(typical for M/G/1-like processes). However, once the offered load surges above the
threshold (e.g., in a traffic jam scenario), the collision probability skyrockets, transmissions
require many retries, and the queue length grows significantly. This can lead to a heavy-
tailed or Pareto-like distribution for delay.

Empirical and simulation-based studies confirm that the “tail” of the delay distribution
can become extremely long during congestion episodes [30]. In safety-critical vehicular
applications, these tail delays pose a severe risk: while the average delay may appear
manageable, a small fraction of messages experience extremely large delays, undermining
real-time situational awareness. The findings the offered load crosses a certain threshold,
the 99th percentile delay grows super-linearly, often violating strict latency requirements
(e.g., 100 ms for some safety messages). This underscores the need for advanced congestion
control and resource management protocols to keep the network operating below critical
load levels, or at least to mitigate the worst-case tail behavior. [31]

5. Performance Boundaries and Practical Limitations
Although the preceding analytical framework provides an idealized perspective, prac-

tical constraints further limit the achievable performance of Slotted ALOHA in vehicular
networks. Below, we highlight three fundamental limitations: capacity, synchronization,
and hidden terminals.

5.1. Information-Theoretic Capacity Bound

Regardless of the multiple access protocol used, there is an upper bound on spectral
efficiency imposed by the wireless channel characteristics. A simplified expression for the
channel capacity of a single link with bandwidth W under interference-limited conditions
might be: [32]

C = W log2

(
1 +

θ

1 + (λπd2
min)

−η/2

)
. (16)

This equation is not a rigorous information-theoretic limit in all cases, but it serves as a
ballpark figure. In practice, Slotted ALOHA typically attains no more than about 37% of
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the channel capacity in the classic sense, due to collisions and random-access overhead.
Further complicating factors like overhead for synchronization, pilot signals, and channel
reservation degrade the effective throughput even more.

5.2. Mobility-Induced Synchronization Loss

Another challenge in highly mobile environments is ensuring that all vehicles remain
time-synchronized to the slot structure [33]. High mobility means vehicles can accelerate
or decelerate rapidly, causing Doppler shifts and local oscillator frequency offsets. If the
acceleration a is significant, the relative timing offset ∆t may become non-negligible:

∆x ≈ 1
2 a T2

s , (17)

where Ts is the slot duration. If the guard interval τg = c Ts (where 0 < c < 1) is too short
relative to ∆t, overlapping transmissions may occur, effectively increasing collisions [34].

For example, if a = 3 m/s2 and Ts = 1 ms, then 1
2 aT2

s = 1.5 × 10−3 m. Though seem-
ingly small, repeated acceleration and deceleration can accumulate phase/frequency errors
over multiple slots. Ensuring robust synchronization in such dynamic conditions likely
necessitates frequent exchange of synchronization signals and possibly more advanced
reference-based alignment (e.g., from roadside units or GNSS).

5.3. Hidden Terminal Dominance

A hidden terminal arises when two vehicles transmit to a common receiver that is
not within mutual carrier-sensing range, causing collisions that are undetected by either
transmitter [35]. For example, if the transmission range is R, the probability that another
node is “hidden” from the transmitter can scale as:

Ph = 1 − exp(−2R
√

λπ), (18)

under simplified assumptions about node distributions. This effect becomes particularly
detrimental as R increases (e.g., if high power is used for safety beacons). Because Slotted
ALOHA lacks carrier-sensing, hidden terminals are effectively unmitigated, intensifying
collisions and limiting spatial reuse. [36]

5.4. Empirical Observations and Real-World Deviations

Field trials in dense urban traffic reveal that throughput often falls significantly short
of theoretical upper bounds under peak congestion. One key cause is the correlated shad-
owing and multipath environment of city streets (the “urban canyon”), which differs from
the idealized, uncorrelated fading assumption. Another cause is the human factor: traffic
flow predictions assume homogeneous driver behavior, but real driving patterns (varying
reaction times, aggressive vs. defensive driving, etc.) introduce additional randomness in
λ(x, t).

As a result, the actual critical load might be reached at lower densities than predicted
by simple theoretical models [37]. Measurements in multiple cities confirm that collision
rates surge as soon as moderate congestion sets in, culminating in channel saturation and
drastically lowered throughput for safety-critical messages.

6. Fluid Limit, Large Deviations, and Control
Given the complexities of time-varying traffic density and random-access collisions, a

deeper look into fluid-limit approximations and large deviations theory provides additional
insight.
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6.1. Fluid Limit Approximation

One approach to analyzing the network’s macro-level behavior is to treat the number
of backlogged packets as a continuous fluid. In such a fluid limit, the instantaneous backlog
B(t) evolves according to: [38]

dB(t)
dt

= λa(t)− µ(t),

where λa(t) is the time-varying arrival rate (packets per second) and µ(t) is the service
rate (successful transmissions per second). When µ(t) < λa(t) for an extended period,
B(t) grows, signifying that the queue is trending toward overload. The fluid model can
incorporate a time-varying µ(t) that depends on the capture probability, which itself
depends on λ(t) [39]. By coupling

λ(t) =
1
L

∫ L

0
λ(x, t) dx

and
µ(t) = p λ(t) Ps(λ(t)),

one obtains a pair of coupled differential equations describing both the evolution of traffic
density (λ(x, t) via the LWR PDE) and the evolution of queue backlog B(t). Such a model
can reveal emergent phenomena such as wave-like expansions of backlog and persistent
congestion states.

6.2. Large Deviations and Queue Stability

In many practical systems, the network is designed to handle typical loads but must
also avoid catastrophic failure under rare surge events (e.g., multiple accidents or emer-
gency alerts occurring simultaneously) [40]. Large deviations theory can quantify the
probability that the queue length or delay crosses a critical threshold b over a time horizon
T. For instance, one might estimate:

P
(

sup
0≤t≤T

B(t) ≥ b
)
≈ e−T I(b),

where I(b) is a rate function capturing how “expensive” it is for the backlog to exceed
b. In the context of random-access vehicular networks, deriving I(b) explicitly can be
quite challenging, but approximate methods may be used to gauge the tail behavior of the
backlog distribution. [41]

6.3. Potential for Load-Adaptive ALOHA

A key limitation of classical Slotted ALOHA in vehicular networks is that the access
probability p remains fixed regardless of the traffic intensity or collision rate. In principle,
one could design a load-adaptive ALOHA that senses the channel condition or estimates
the local node density, then adjusts p accordingly to keep the system near an operational
optimum. For instance, one might define:

p(ρ) = min
{

pmax,
1
ρ

}
,

where ρ = λa
µ is an estimate of the traffic intensity at a node. Such a scheme could mitigate

the onset of throughput collapse by reducing the number of transmissions as the load
grows. However, implementing load-adaptive ALOHA in a fully decentralized manner for
highly mobile vehicular nodes is non-trivial [42]. Accurate and timely estimation of ρ is
complicated by fast-changing network conditions and interference from non-local vehicles.
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7. Design Recommendations for Realistic Vehicular ALOHA
Based on our analysis, the following recommendations can be made to practitioners

attempting to deploy Slotted ALOHA in real vehicular environments:

1. Limit Operating Density: For applications requiring reliable, low-latency commu-
nications, ensure that the average vehicle density λ(t) remains significantly below
the congestion threshold λ∗. Deploy traffic management strategies (ramp metering,
variable speed limits) to reduce the likelihood of jam-density states. [43]

2. Adaptive Power Control: High transmit power expands interference ranges and
aggravates collisions. Deploy power control (reducing Pt when the channel condition
is good) to improve spatial reuse and limit hidden terminals.

3. Slot Synchronization and Guard Bands: Invest in robust synchronization (e.g.,
from roadside units) and incorporate guard intervals to accommodate moderate
acceleration. Avoid overly long guard intervals, as they waste channel time, but ensure
enough buffer to maintain orthogonal slots under typical acceleration scenarios.

4. Congestion Control Mechanisms: Combine Slotted ALOHA with local congestion
control. For instance, if a node detects repeated collisions, it can reduce p or temporar-
ily back off. Alternatively, incorporate an inter-vehicle coordination mechanism to
prevent mutual interference among vehicles in close proximity. [44]

5. Hybrid Access Strategies: Consider layering a scheduled or reservation-based proto-
col on top of ALOHA for high-load scenarios. For instance, collision-free transmissions
might be reserved for safety-critical messages, while random access is used for less
urgent or opportunistic transmissions.

8. Conclusion
We have presented a detailed analytical framework for understanding the performance

of Slotted ALOHA in realistic, time-varying vehicular networks. The framework integrates:

• Traffic Flow Modeling: The Lighthill-Whitham-Richards PDE to capture non-stationary
density waves and shock formation in vehicular traffic.

• Spatial Point Processes: Non-homogeneous Poisson processes to represent the spatial
distribution of vehicles, with minimum distance constraints.

• Nakagami-m Fading and Path Loss: Modeling of the wireless channel to incorporate
realistic propagation and interference conditions.

• Queueing and Delay Analysis: M/G/1 approximations, fluid limits, and large deviations
perspectives to characterize throughput and delay under dynamic loading.

Key Findings:

1. Critical Density Thresholds: Our derivations highlight the existence of a critical
offered load G∗ and corresponding critical vehicle density λ∗. Once traffic waves
push λ(t) above this threshold, collisions escalate rapidly, triggering a collapse in
throughput and large tail delays. [45]

2. Bimodal Delay Distributions: In congested regimes, delay distributions exhibit
heavy tails. This is problematic for real-time safety applications that require bounded
latency.

3. Synchronization and Hidden Nodes: The performance envelope is further con-
strained by synchronization errors induced by vehicle mobility and by the prevalence
of hidden terminals in large coverage ranges.

4. Need for Adaptation: Static Slotted ALOHA is poorly suited for dense vehicular
environments. Load-adaptive or hybrid protocols are necessary to sustain acceptable
QoS across varying density states.

Developing robust and low-overhead synchronization schemes is critical. GNSS-based
synchronization can be supplemented with V2I reference signals, but the interplay between
short guard intervals and high accelerations still requires more advanced solutions, such as
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predictive slot alignment or cooperative re-synchronization among neighboring vehicles.
[46]

While our analysis focused on a single highway segment, real highways have multiple
lanes, and urban grids introduce intersections and two-dimensional topologies. The LWR
model can be extended to multi-lane traffic with additional rules for lane-changing. A more
general PDE-based framework (like the Aw-Rascle-Zhang model) could potentially capture
inertia and more realistic driver behaviors. [47]

When platooning systems or advanced driver assistance features (ACC, CACC) are
present, vehicles tend to maintain tightly regulated inter-vehicle spacings, drastically
altering the point process properties. Analytical extensions to handle correlated node
placements with near-constant headways can refine the interference analysis.

Next-generation cellular V2X technologies propose hybrid access schemes with both
scheduling and grant-free (ALOHA-like) modes. Mapping our results to 5G NR V2X or fu-
ture 6G architectures, which employ more sophisticated waveforms, MIMO transmissions,
and dynamic resource pools, remains an exciting avenue for research. [48]

In dense scenarios, altruistic or cooperative transmissions (e.g., transmit with lower
probability to reduce collisions) can improve network-wide performance, but rational
vehicles may deviate if they perceive that always transmitting yields higher personal
utility. A game-theoretic framework that incentivizes cooperation while punishing greedy
transmissions could lead to more stable outcomes. Slotted ALOHA, despite its simplicity,
has historically been a cornerstone of random access protocol research. In the realm
of vehicular networks, its basic principles still offer valuable insights into the interplay
of mobility, interference, and delay [49]. However, real-world performance demands
a host of enhancements—adaptive control, synchronization support, and synergy with
scheduling—to handle the severe fluctuations in vehicle density and the high reliability/low
latency requirements of emerging vehicular applications. Our models, while still idealized
in certain respects (e.g., ignoring correlated shadowing, driver reaction diversity, and multi-
lane complexities), illustrate the fundamental bottlenecks. They highlight the precarious
balance between stable operation and collapse when faced with dynamic, bursty traffic
flows. These considerations will remain central as we move toward fully connected and
autonomous vehicular ecosystems in the coming decades. [50]
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