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Abstract—10BASE-T1S is a standardized single-pair multidrop
Ethernet technology for cost-effective intra-zone in-vehicle net-
works. However, conventional one-ID-per-node PLCA provides
equal cyclic access and does not account for heterogeneous
deadlines and traffic loads. This paper proposes a standards-
compatible weighted multi-ID allocation method for quality-of-
service (QoS) provisioning in PLCA-based networks. The method
allocates logical PLCA IDs according to deadline urgency and
traffic pressure, and places them using a largest-gap rule while
preserving the standardized PLCA cyclic access procedure and
Ethernet frame format. In a high-load mixed-criticality stress
scenario, the proposed method uses 37.5% fewer IDs than a fixed-
budget baseline, reduces the average critical-node deadline miss
ratio from 19.03% to 5.64%, and avoids the deadline violation
of the high-load node observed in the baseline.

Index Terms—10BASE-T1S, Physical Layer Collision Avoid-
ance (PLCA), in-vehicle networks, Automotive Ethernet, Qual-
ity of Service (QoS) provisioning, multi-ID allocation, mixed-
criticality traffic

I. INTRODUCTION

Modern in-vehicle networks (IVNs) are required to sup-
port heterogeneous traffic from various applications, such
as advanced driver-assistance systems (ADAS), autonomous
driving functions, chassis control, powertrain control, radar,
and infotainment [1], [2]. These traffic flows differ in payload
size, generation period, and latency requirements. In partic-
ular, safety-critical and control-related messages require low
latency and predictable delivery, whereas sensor and multi-
media traffic can impose high communication loads because
of large payloads or short generation periods [2]. Meanwhile,
automotive electrical/electronic (E/E) architectures are moving
from domain-based architectures toward zonal architectures
to reduce wiring complexity, vehicle weight, and system
cost while improving scalability [3]. In a zonal architecture,
many low- and medium-speed edge nodes must be connected
within each zone, and conventional point-to-point Ethernet can
increase the number of cables, switch ports, and transceivers.
Therefore, 10BASE-T1S is attractive for intra-zone commu-
nication because it provides a standardized single-pair, half-
duplex, multidrop Ethernet PHY, allowing multiple edge nodes
to share a common bus while remaining compatible with the
Ethernet ecosystem [4], [5].

The deterministic use of this shared bus is enabled by
Physical Layer Collision Avoidance (PLCA), which provides
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collision-free cyclic access by assigning transmission opportu-
nities (TOs) according to a configured PLCA ID sequence [4].
However, the conventional one-ID-per-node PLCA configura-
tion gives each node one transmission opportunity per cycle,
regardless of its traffic deadline or offered load. This equal-
access behavior is simple and predictable, but it is not well
suited to mixed-criticality IVN traffic. A tight-deadline control
node may need more frequent access opportunities to reduce
waiting time, while a high-load node with large or frequent
packets may also require sufficient service opportunities to
avoid queue buildup. Therefore, quality-of-service (QoS) dif-
ferentiation in 10BASE-T1S should consider not only deadline
urgency but also the offered communication demand of each
node.

Several approaches have been studied to improve latency or
QoS in 10BASE-T1S networks, including node prioritization
and packet segmentation [6], interrupt-enabled PLCA [7], and
scheduling mechanisms for multidrop Ethernet environments
[8], [9]. These methods can improve the delay performance of
delay-sensitive traffic, but they generally require modifications
or extensions to the basic PLCA operation, such as priority-
aware access control, interrupt handling, or packet segmen-
tation and reassembly. In contrast, PLCA ID assignment pro-
vides a configuration-level approach for differentiating service
opportunities while preserving the standardized PLCA cyclic
access procedure. Recent studies have shown that assigning
multiple logical PLCA IDs to a single physical node can
increase the node’s service-opportunity frequency and enable
QoS differentiation [10], [11].

However, existing multi-ID studies mainly demonstrate the
feasibility of assigning multiple IDs and do not fully address
how a limited ID budget should be allocated among nodes
or how the assigned IDs should be placed within the PLCA
cycle. A deadline-dominant allocation [10] can protect tight-
deadline nodes, but it may concentrate too many IDs on a
small number of critical nodes and leave high-load nodes
underserved. Conversely, increasing the total number of IDs
without considering placement can lengthen the PLCA cycle
and degrade tail-delay behavior. These observations motivate
a traffic-aware multi-ID configuration that jointly accounts for
deadline urgency, traffic pressure, and ID placement.

To this end, we propose a weighted multi-ID allocation
method for QoS differentiation in 10BASE-T1S PLCA-based

APWCS 2026



IVNs. The proposed method treats PLCA ID assignment as a
standards-compatible offline configuration problem that deter-
mines both node-wise ID counts and their placement in the
PLCA cycle while preserving the standardized PLCA cyclic
access procedure and Ethernet frame format. It computes node
weights from inverse-deadline urgency and offered-load traffic
pressure, allocates PLCA IDs according to these weights, and
uses a largest-gap insertion procedure to distribute the assigned
IDs across the cycle. The main contributions of this paper are
summarized as follows:

o We formulate PLCA multi-ID assignment as a standards-
compatible offline QoS configuration problem that dif-
ferentiates service opportunities through node-wise ID
counts and PLCA ID sequencing.

We propose a weighted multi-ID allocation method that
jointly considers deadline urgency and traffic pressure,
and we combine this allocation with a largest-gap inser-
tion procedure to reduce the clustering of transmission
opportunities within the PLCA cycle.

We evaluate Basic PLCA, Burst mode, a fixed-budget
Baseline Multi-ID scheme, and the proposed method
using average waiting time, response time distribution,
and packet-level deadline miss ratio. In a high-load
mixed-criticality stress scenario, the proposed method
reduces the average critical-node miss ratio from 19.03%
to 5.64% while using 37.5% fewer PLCA IDs than the
fixed-budget baseline.

II. SYSTEM MODEL AND PERFORMANCE METRICS
A. PLCA Multi-ID Model

We consider a 10BASE-T1S PLCA-based multidrop net-
work in which N nodes share a common half-duplex physical
medium. Each node maintains a local first-in-first-out (FIFO)
transmit queue for packets generated by its traffic flow. In
PLCA operation, a beacon initiates each cycle, after which
TOs are granted sequentially according to the configured
PLCA ID sequence. When the TO corresponding to an as-
signed ID arrives, the associated node transmits one frame
if its local transmit queue is nonempty; otherwise, the TO
is treated as an inactive opportunity. In the conventional one-
ID-per-node configuration, each physical node obtains one TO
per PLCA cycle. This provides simple round-robin access, but
the TO frequency is identical for all nodes regardless of their
traffic load or latency requirements. In contrast, a multi-ID
configuration can associate multiple logical PLCA IDs with a
single physical node. A node with more assigned IDs obtains
more TOs within a PLCA cycle and can therefore access the
shared medium more frequently.

Let m,; denote the number of PLCA IDs assigned to node
1, and let K denote the total ID budget in one PLCA cycle.
The ID allocation satisfies

N
mi>1, Y mi=K. (1
i=1

The constraint m; > 1 ensures that every node retains at least

one service opportunity in each cycle, while larger m; values
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provide differentiated access frequency. The PLCA access
order within a cycle is represented by an ID sequence

2

where 7, = ¢ means that the k-th TO is assigned to node
1. Thus, a PLCA ID configuration is specified by both the
node-wise ID counts {m;} and the ID sequence . The ID
counts determine how many TOs each node receives, while
the sequence determines when those TOs appear within the
cycle.

7 =71, M, ..., K],

B. Traffic and PLCA Overhead Model

We assume that each node generates a single data flow. Let
T; denote the average packet generation period of node i. The
average packet arrival rate is given by

3)

When node ¢ transmits a packet, its active service time is
defined as
act _ 1 8(Li + Hact)
i = R, )
where P; is the payload size, R, is the link bitrate, n is
the 4B/5B encoding factor, and H,. is the fixed active-slot
overhead including the Ethernet preamble, start-of-frame de-
limiter (SFD), Ethernet header, frame check sequence (FCS),
and inter-frame gap (IFG). The active service time represents
the channel occupancy when a packet is actually transmitted.
PLCA-specific overheads are modeled separately in the
discrete-event simulator. These include the beacon interval at
the beginning of each PLCA cycle, the silence interval of an
inactive TO, and the burst timer interval used in Burst mode.
Therefore, s2°* is used to quantify the active transmission
demand of each node, whereas the simulated packet response
time includes both active transmission time and PLCA access
delays caused by other nodes, inactive opportunities, and
cycle-level overheads. To capture the active-channel demand
of each node, we use the offered-load form commonly used
in queueing and network-capacity analysis. Specifically, the
traffic pressure of node ¢ is defined as

S

“4)

act
Pi = /\iSi .

&)

Note that p; increases when packets are generated more fre-
quently or when the active transmission time becomes longer.
Thus, it captures the offered communication demand imposed
by both packet generation period and payload size. This is
important because a node can impose high communication
demand through a large payload or a short generation period,
even if it is not the most delay-critical flow.

C. Delay and Deadline-Miss Metrics

Let D; denote the relative deadline of each packet generated
by node i, measured from its arrival time. For the p-th packet
of node ¢, the waiting time is defined as

(6)

Wip = bip — a;p,



where a; ), and b; , denote the packet arrival time and trans-
mission start time, respectively. The packet response time is
given by

act
=Wipt+s;

)

Note that average waiting time is used to compare the overall
delay tendency of each configuration. However, deadline sat-
isfaction must be evaluated at the packet level because a small
average delay does not necessarily guarantee that all packets
meet their deadlines. To compare packets with different dead-
lines, we define the deadline-normalized response ratio as
T
D; ’

and it implies that a packet satisfies its deadline when d; , < 1,
whereas d; , > 1 indicates a deadline miss. The deadline miss
ratio of node ¢ is defined as

resp
Tip

Oip = ®)

NEen
1 K2
i = g 2 (T —ay > D),
p=1

(2

€))

where N is the number of packets generated by node ¢ dur-
ing the measurement interval, 7; ™" denotes the completion
time of packet p, and I(-) is the indicator function. Packets
remaining in the queue after their deadlines expire are also
counted as deadline misses.

III. PROPOSED WEIGHTED MULTI-ID ALLOCATION

The proposed configuration procedure has two levels. For a
fixed candidate ID budget K, Sections III-A and III-B generate
one PLCA configuration: Section III-A allocates the node-wise
ID counts, and Section III-B constructs the corresponding ID
sequence. Section III-C then performs the outer design-time
search over candidate ID budgets by simulating each generated
configuration and selecting the final budget K*.

A. Weight-Based ID Count Allocation

For a fixed candidate budget K, the proposed method
first computes node priority weights and allocates the node-
wise ID counts. Jointly optimizing the ID budget K, the
ID counts {m;}, and the ID sequence 7 under packet-level
deadline constraints is a combinatorial problem. Therefore,
the proposed method decomposes the configuration problem
into priority-weight calculation, ID count allocation, and ID
sequence construction.

Since deadline urgency and traffic pressure have different
units and scales, we normalize both terms by their maximum
values across nodes. The normalized deadline urgency and
normalized traffic pressure of node ¢ are defined as

1/D; Pi

=7t = 10
max;(1/D;)’ max; p; (10)

The priority weight of node ¢ is then defined as
wi = Yaw; " + YeuDi, (11)

where vq1 and 7, control the relative importance of deadline
urgency and traffic pressure, respectively. We use a sublinear
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exponent Yexp < 1 for the deadline-urgency term to maintain
high priority for tight-deadline nodes while reducing excessive
ID concentration on a small set of critical nodes.

After computing the priority weights, all nodes are ini-
tialized with one PLCA ID, i.e., m; = 1. The remaining
(K — N) IDs are assigned using a weighted virtual-counter
rule, inspired by deterministic proportional-share scheduling
[12]. The weights are first normalized as

Wi
Z;'v:1 W
Subsequently, the virtual counter of node ¢ is initialized as

v; = 1/@;. At each allocation step, one additional ID is
assigned to the node with the smallest virtual counter:

w; =

(12)

(13)

¥ = argmin v;
K3

My* $— Mix + ]., Vix — Vi + = (14)

i*
Thus, a node with a larger priority weight has a smaller counter
increment and is therefore selected more frequently.

B. Largest-Gap ID Sequence Construction

After obtaining the ID counts for a candidate budget K,
the proposed method constructs the corresponding PLCA ID
sequence 7(K) as a circular list of K slots. A slot is called
empty if no PLCA ID has been assigned to it. A global gap
denotes a maximal consecutive segment of empty slots in the
circular sequence. For a node that already has assigned IDs,
its current gap denotes the largest circular interval between
two consecutive IDs of the same node.

Nodes are processed in descending order of w;, with ties
resolved by node index. The first ID of each node is placed at
the midpoint of the largest global gap. For the remaining IDs of
the same node, the target position is chosen as the midpoint of
the node’s largest current gap. If the target position is already
occupied, the nearest empty slot is used. This largest-gap rule
spreads repeated IDs of the same node over the cycle and
reduces long inter-opportunity gaps.

C. ID-Budget Selection

The proposed method selects the total ID budget K from a
finite candidate set Sy = {N,N+1,..., Knax }, Where N is
the number of physical nodes and K, is the maximum ID
budget considered in the design-time search. For each K &
Sk, the PLCA configuration generated by Sections III-A and
III-B is evaluated by design-time simulation to estimate the
average response time TireSp(K ) of each node. A candidate is
feasible if

T;*P(K) < D, Vi. (15)

Among feasible candidates, the selected budget minimizes the
average response time of the critical-node set C:

1 — s _

K* = in — TP (K L TP(K) < Dy, Vi.

argKnéglK'q;Z (K), st T;"P(K) < Dy, Vi

(16)

If no candidate is feasible, the candidate with the smallest

maximum normalized average response time is selected.



TABLE I
TRAFFIC SPECIFICATION OF NODES

Node | Type Payload [B] | Period [ms] | Deadline [ms]
1 Powertrain 46 5 5
2 Safety 46 1 1
3 Chassis 46 1 1
4 Multimedia 700 2 5
5 Passenger 46 100 100
6 Comfort 46 250 250
7 Diagnostics 100 100 100
8 Radar 750 2 2

IV. PERFORMANCE EVALUATION
A. Simulation Setup

To evaluate the proposed method, we implement a
MATLAB-based discrete-event PLCA simulator. The simu-
lator uses a simplified PLCA timing model that explicitly
accounts for the beacon interval, active transmission time,
inactive silence interval, and burst timer interval. We simulate
a 10BASE-T1S multidrop network with N = 8 nodes sharing
a single half-duplex link. The link bitrate is set to [2;, = 10
Mbps, and the 4B/5B encoding overhead is reflected by using
n = 1.25. A 20-bit beacon is inserted at the beginning of
each PLCA cycle. Following the Ethernet frame format and
inter-frame gap specified in IEEE 802.3, the fixed active-slot
overhead is set to 38 bytes, consisting of the 7-byte preamble,
1-byte SFD, 14-byte Ethernet header, 4-byte FCS, and 12-byte
IFG [4].

The traffic specification is summarized in Table I. Nodes 2
and 3 are configured as critical nodes with a 1 ms period and
a 1 ms deadline, whereas nodes 4 and 8 represent high-load
traffic with large payloads and short generation periods. The
offered load is approximately 0.95 when active-slot overhead
is included. We choose this near-saturation load to evaluate
the robustness of PLCA ID allocation under high contention,
following high-load bus-topology IVN evaluation scenarios
such as [5]. Under lighter loads, most nodes can meet their
deadlines even with simple round-robin access, which can
mask the effect of service-opportunity differentiation.

To compare the effects of different PLCA service-
opportunity configurations, we evaluate four modes. Basic
PLCA assigns one PLCA ID to each node. Burst mode
also uses one ID per node, but allows a node to transmit
up to two packets consecutively within one TO. Baseline
Multi-ID follows the deadline-driven multi-ID configuration
reported in [10]. It fixes the total ID budget to K = 32
and assigns additional IDs according to a deadline-driven
cycle-pressure metric. This baseline represents a fixed-budget,
critical-node-oriented use of multiple PLCA IDs. Unlike the
proposed method, it does not explicitly account for offered
traffic pressure.

In contrast, the proposed method performs the design-time
K-selection procedure described in Section III and selects
K = 20. Therefore, the proposed method differs from the
baseline in two aspects: it searches for a smaller feasible ID
budget and allocates IDs using both deadline urgency and traf-
fic pressure. For the proposed method, we set vq1 = Y = 1,
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Fig. 1. Node-wise average waiting time under the four PLCA configurations.

Yexp = 0.5, C = {2, 3}, and Sk = {8,...,64}. The exponent
Yexp = 0.5 is used as a sublinear design choice to avoid
over-concentration of IDs on the tightest-deadline nodes. The
design-time K -search uses a 1 s simulation, and the selected
configuration is evaluated over a 5 s simulation interval.

B. Results and Analysis

Fig. 1 compares the average waiting time of each node.
Basic PLCA gives all nodes the same TO frequency and
therefore causes severe queue accumulation at critical nodes
2 and 3. Burst mode reduces the average delay by allowing
consecutive packet transmissions within one TO, but it does
not increase the TO frequency of critical nodes. Baseline
Multi-ID reduces the delay of nodes 2 and 3 by assigning many
IDs to them under K = 32. However, this deadline-driven
allocation provides insufficient service to node 4, which has
a 700-byte payload and a 2 ms period. Although nodes 4 and
8 both generate high-load traffic, the deadline-driven baseline
favors node 8 because of its tighter deadline, leaving node
4 underserved despite its high offered load. By incorporating
traffic pressure, the proposed method mitigates this imbalance.

Fig. 2 shows the packet response-time distribution of each
node. The baseline improves the response-time distribution of
the critical nodes compared with Basic PLCA, but it causes
a large response-time tail at node 4. The proposed method
provides a more balanced response-time distribution across
critical and high-load nodes, indicating that the improvement
is not limited to average waiting time.

Table II summarizes the packet-level deadline miss ratios.
Basic PLCA results in miss ratios of 99.71% and 99.87%
for nodes 2 and 3, respectively. Burst mode reduces these
values, but still leaves miss ratios of 25.14% and 41.25%.
The Baseline Multi-ID scheme reduces the critical-node miss
ratios to 17.94% and 20.12%, but this comes at the cost of a
95.39% miss ratio at node 4. By contrast, the proposed method
selects K = 20, corresponding to 37.5% fewer IDs than the
baseline, and reduces the miss ratios of nodes 2 and 3 to 4.69%
and 6.58%, respectively, while keeping the miss ratio of node
4 at 0%. Overall, the proposed method reduces the average
critical-node miss ratio from 19.03% to 5.64% compared
with the baseline, corresponding to a relative reduction of
approximately 70.4%. These results show that a larger fixed



10°E T T I Max obs.<_[ T T T T 3
E Q3 (75%)~ 7 250 ms E
- Median ——| |nt, rtile R: -
wh E E N i (”Qf:q“a lleRande 100 ms 100 ms J
E I | Q1(25%)7 | E
E | ‘ E
[ \ ‘ | ]
0 5 } } i 3
2 N ! e & b E
c - | — | Min obs. | o | — = 2 msH
=~ [ T - 7 | 1ms | T, + 1ms T\ | @ | i ﬁ - |
EW%Q@“Q*T:¢ = - ‘@Qg; ST e AT
EoE e . E ] | o pr I 3
3 T L - o [ ]
S G \ \ [ \ - -
= e B } (R [ ek R e (R
3 N [ [ I I [ [ I [
[ S B R [ [ B R \ [ [ [ B
AR i I A | b (IR Cr T
102 e i B e T \ T 55 e e S
SHE B R i b RHHEN R R [ \ i S i s
A R [ B R \ [ [ R e
R Lo [ B [ \ [T IR
1031 | [ I R | | bl oIy
Bl 1 FREHHHE R \ 1 O Py
£ [ \ \ [ B =
+ R [ \ e
10 | | | | || | | | [ [ |
N1 N2 N3 N4 N5 N6 N7 N8
Node ID
[ = Basic PLCA = BurstMode = Baseline Weighted Multi-ID ——Deadline
Fig. 2. Node-wise packet response time distribution under the four PLCA configurations.
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ID budget with deadline-only prioritization is not necessarily
sufficient for mixed-criticality QoS. The improvement comes
from the proposed deadline-and-traffic-aware allocation, which
distributes the limited ID budget by considering both critical-
node urgency and high-load service demand.

V. CONCLUSION

This paper proposed a standards-compatible weighted multi-
ID allocation method for QoS differentiation in 10BASE-
T1S PLCA-based in-vehicle networks. By jointly considering
deadline urgency and traffic pressure, the proposed method
configures node-wise PLCA ID counts and their placement
while preserving the standardized PLCA cyclic access proce-
dure and Ethernet frame format. Simulation results showed
that the proposed method provides a more balanced PLCA
configuration than a deadline-dominant fixed-budget baseline,
reducing critical-node deadline misses and avoiding under-
service of high-load nodes while using fewer PLCA IDs.
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