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Abstract—EtherCAT is a real-time industrial vari-
ant of Ethernet that enables dynamic, time-
sensitive data transmission. Most wired Ethernet
setups use standard Ethernet cables and the Media
Independent Interface (MII) for Layer two connec-
tivity. This work reflects real-world setups that pre-
dominantly rely on standard Ethernet pairs cabling
and MII connections. The contribution encom-
passes an empirical evaluation of the performance
aspects, exhibited by the EtherCAT network struc-
tured upon standard cable pairs technology. This
comprehensive assessment is executed through a
rigorously designed experimental campaign, specif-
ically tailored for latency measurement purposes.
Furthermore, to fortify the analytical approach, the
study integrates the methodology of experimen-
tal design, a packet analysis tool, and an open-
source master controller. A standards-compliant
EtherCAT configuration, and a comprehensive ex-
perimental campaign was conducted to evaluate
network performance, with particular emphasis on
latency and robustness under synchronized commu-
nication conditions. The results reveal determinis-
tic inter-packet gap measurements of 0.5 ms at the
packet layer, a delay of 1.5 ms observed at the frame
layer, and physical-layer latency measured at 1.5 s,
under a moderate network load. To ensure rigor and
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reproducibility, this study combines packet-level
trace analysis, open-source EtherCAT masters, and
a cost-effective, hardware-independent test setup.
A Design of Experiments (DoE) approach was used
to assess synchronization performance and identify
key parameters.

Index Terms—EtherCAT, Packet Analyzer, De-
sign of Experiment, Synchronization, IgH master,
ANOVA, Industrial Automation, Distributed Clock

I. INTRODUCTION
A. Background

N In recent years, fieldbus network technolo-

gies have been widely adopted in the realm of
industrial automation, serving as a viable alter-
native to the conventional practice of hardwiring
input/output connections for programmable au-
tomata. These technologies have facilitated the
emergence of expansive command and control
systems. Nevertheless, as Central Processing Unit
(CPU) capabilities, especially in the domain of
industrial computers, continue to advance, field-
buses have come to represent significant bottle-
necks, ultimately constraining the performance
of automated systems. Given that control archi-
tectures often consist of a cyclically structured
hierarchy of diverse hardware and software sub-
systems, response times can extend to three to five
times the duration required for practical automata
processing.
In the context of interconnecting multiple auto-
mated systems, Ethernet presents itself as an in-
triguing choice. A communication bus must satisfy
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Table I: Comparison of Existing EtherCAT Latency Studies Based on Key Criteria

| Study

| DoE Methodology | Open Source Master | MII Connection | PHY layer delays |

Sung et al. (2013) [1] X X X Not specified
Wang et al. (2014) [2] X X X Not measured
Corréa and Almeida (2019) [3] X X v 0.335 ps
Zhang et al. (2024) [4] X v X Not explicitly stated
Lee and Park (2022) [5] v X v 1.2 ps

This Work v v v 1.5ps

certain key criteria, including real-time capabili-
ties and the capacity to handle small-sized data
packets, all while maintaining cost-effectiveness.

Numerous proposals have been put forth to
enhance the real-time capabilities of Ethernet
networks. Some solutions are grounded in pro-
tocol adaptations that incorporate support for
Carrier-Sense Multiple Access with Collision De-
tection (CSMA/CD) (responsible for the non-
deterministic behavior inherent in the IEEE 802.3
standard) and the implementation of additional
mechanisms designed to govern data circulation
within the network within predetermined time
intervals [6], [7].

Alternatively, other solutions advocate for the in-
tegration of switches, a strategy that allows for the
segmentation of collision-free domain networks,
thereby facilitating the controlled and precise dis-
tribution of data packets over time. These ap-
proaches prove effective in terms of data transfer
and the systematic redirection of data to con-
trollers. However, it is important to note that the
latency associated with input readings is often
heavily contingent on the specific implementa-
tion chosen [8] and [9], [10], [11]. Each piece of
equipment employs Ethernet frames individually,
resulting in a fundamentally low effective data
rate. The briefest Ethernet frames consist of 84
bytes, inclusive of the inter-frame delay. [12].

Ethernet for Control Automation Technology
(EtherCAT) offers solutions to address these con-
straints. EtherCAT is the appellation for an
Ethernet-based fieldbus technology, endorsed by
the EtherCAT Technology Group (ETG), an in-
ternational consortium comprising more than 140
entities encompassing companies, users, and man-
ufacturers. Notably, EtherCAT is recognized as an
International Electrotechnical Commission (IEC)
standard.

Under this technology paradigm, Ethernet packets

are no longer subjected to reception, interpreta-
tion, and storage at each individual device. In-
stead, EtherCAT slaves engage in data read and
write operations during the frame transfer process
within the node. Moreover, these slaves exclu-
sively access data packets explicitly designated for
their reception. Consequently, the frames experi-
ence only a negligible delay of a few nanoseconds.

The utilization of EtherCAT in the context of
5G and emerging 6G networks holds substantial
promise and relevance. These next-generation net-
works demand not only high-speed data trans-
mission but also seamless integration of various
devices and systems with ultra-low latency re-
quirements. EtherCAT’s inherent real-time capa-
bilities, efficient utilization of Ethernet commu-
nication, and deterministic performance make it
a compelling choice for supporting critical appli-
cations in such advanced network environments.
With the proliferation of smart factories, au-
tonomous systems, and Internet of Things (IoT)
devices within the 5G and 6G ecosystems, Ether-
CAT’s ability to deliver rapid, synchronized data
exchange across a diverse range of interconnected
devices can significantly enhance network effi-
ciency, reliability, and overall performance. Fur-
thermore, the EtherCAT ecosystem has a well-
established track record in industrial automation,
which can serve as a valuable foundation for
implementing robust and reliable communication
solutions in the rapidly evolving landscape of 5G
and 6G networks [13]-[15]. The Ethernet protocol,
as stipulated in the IEEE 802.3 standard, retains
its integrity without necessitating the implemen-
tation of sub-buses at the level of individual termi-
nals. To align with the requirements of electronic
terminal equipment, modifications are solely re-
quired at the coupler level, specifically pertaining
to the physical layer.




IEEE TRANSACTIONS ON NETWORK AND SERVICE MANAGEMENT 3

IEEE 802.3 data packet (as seen at physical layer)

IEEE 802.1 data frame (as seen at data link layer)

1 byte 6 bytes 1 bytes 6 bytes 6 bytes 2 bytes 4 bytes - 1 byte min 96 bits

46-1500 bytes
EtherType
o= X EtherCAT header Datagrams_

2 bytes 2 bytes 44-1498 bytes

EtherType
“VLAN ta% ey XEtherCAT header Datagrams_

4 bytes 2 bytes 2 bytes 44-1498 bytes

EtherType }}JD(}’ ¢
h d eader
0x0800 eader | o A4 atagrams
2 bytes 20 bytes 16-1470 bytes

X:)atagrams_
e EtherCAT in UDP/IP frame with VLAN tag (1522 bytes) 4 bytes

s==--=-----3

Payload

N\

e EtherCAT frame embedded into Ethernet frame (1518 bytes)

e EtherCAT with VLAN tag (1522 bytes)

e EtherCAT in UDP/IP frame (1518 bytes)

8 bytes

o
eader
header Sl

20 bytes

EtherType
0x0800

2 bytes tes 16-1470 bytes

o n"EtherCAT datagram

8 bits 8 bits 32 bits 11 bits 11 bits 1 bits 1 bits 16 bits

Reserved __I
Circulating datagra

More EtherCAT datagrams following

Figure 1: Layered representation of an EtherCAT frame embedded inside a conventional Ethernet

frame structure.

B. Related work

Several studies have investigated latency in Ether-
CAT networks, yet key aspects remain underex-
plored. For instance, Sung et al. [1] and Wang
et al. [2] examined general delay characteristics
without considering low-level hardware interfaces
or experimental design methodologies. Corréa and
Almeida [3] analyzed ring-based networks and
reported PHY-level delays but did not utilize
open-source tools or structured parameter eval-
uation. Zhang et al. [4] explored latency using an
open-source master but lacked hardware-specific
insights such as MIl-based performance. More
recently, Lee and Park [5] incorporated DoE to
assess timing performance, though without inte-
gration of open-source platforms or deep PHY-
layer latency validation.

None of these works comprehensively evaluate
latency using Design of Experiments (DoE) in a

Media Independent Interface (MII) setting with
an open-source EtherCAT master. Our study ad-
dresses this gap by combining these elements in a
reproducible testbed, offering a structured anal-
ysis of parameter influence on synchronization.
Moreover, it reports quantified delays down to the
physical layer, providing insights critical for real-
time industrial deployments. Tab. I summarizes
key aspects of relevant research, highlighting the
gaps current study aims to fill.

C. Contribution of this work

While EtherCAT has been extensively studied in
the context of real-time industrial communica-
tion, most existing research centers around con-
figurations involving proprietary masters, E-Bus
physical layers, or fiber-optic infrastructures. In
contrast, this work focuses on a more accessible
and practical deployment scenario-an EtherCAT
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Figure 2: (a) EtherCAT Slave Controller: Block diagram of a typical EtherCAT Slave Controller (ESC)
architecture, (b) EtherCAT slave controller structure: Detailed architecture of the EtherCAT Slave
Controller, showing core internal modules and data handling pathways.
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network utilizing Media Independent Interface
(MII) connections over standard Ethernet cabling,
integrated with an open-source master controller.
This setup closely mirrors real-world conditions
in cost-sensitive or open-source industrial environ-
ments. To the best of our knowledge, this specific
configuration has not been rigorously evaluated
in the literature. Furthermore, we adopt a Design
of Experiments (DoE) approach to analyze how
various configuration parameters-such as Cycle
Task (CT) scheduling and Distributed Clock (DC)
modes-impact synchronization performance. By
combining empirical latency characterization with
a reproducible and low-cost evaluation framework,
our study aims to bridge the gap between theo-
retical EtherCAT performance and its practical
deployment under MII-based constraints.

The motivation to conduct research on EtherCAT
in the context of MII connection is driven by
several important factors:

2)

1) Understanding Network Performance: Ether-

CAT is known for its exceptional real-time
capabilities, but its performance can vary
based on different network configurations and
interfaces. We are motivated to explore how
EtherCAT performs when integrated with
the MII connection, which is commonly used
in Ethernet-based industrial networks. Un-
derstanding the performance characteristics,
such as latency, bandwidth, and reliability, in
this specific context is crucial for optimizing
network designs.

Industrial Application Relevance: Many in-
dustrial systems rely on Ethernet-based com-
munication, and the MII connection is a
standard interface for Ethernet. Investigating
EtherCAT’s performance with MII is directly
relevant to industrial automation and con-
trol systems, where real-time communication
and synchronization are critical. Researchers
aim to provide insights and solutions that
can enhance the efficiency and reliability of
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EtherCAT in industrial applications.

3) Optimizing Latency: Low latency is a key
requirement in real-time industrial applica-
tions. Researchers are interested in assess-
ing and potentially reducing latency when
EtherCAT is used in conjunction with the
MII connection. Reducing latency can lead to
more responsive and efficient control systems,
which is crucial in applications like robotics,
machine automation, and process control.

4) Enhancing Network Reliability: Industrial
environments can be harsh, and network reli-
ability is paramount. By studying EtherCAT
over MII, we can identify potential challenges
and vulnerabilities in the network and de-
velop strategies to enhance reliability and
fault tolerance. This research contributes to
the robustness of EtherCAT-based systems in
industrial settings.

5) Practical Implementation: Research on
EtherCAT and MII connection provides
practical insights into how industries can
implement  this  technology effectively.
Researchers aim to provide guidelines, best
practices, and

6) Recommendations for configuring and opti-
mizing EtherCAT networks with MII inter-
faces, making it easier for industrial practi-
tioners to adopt and utilize this technology.

This study presents an empirical examination of
a daisy-chain EtherCAT network employing a
Linux-based EtherCAT master. From an empir-
ical perspective, this represents the primary novel
contribution of this research.

While the EtherCAT-based network has been ex-
tensively explored in existing literature, as evi-
denced by references to prior works [16]-[19], Sec-
tion II will provide an overview of this technology.

Remarkably, no prior contributions, to the best of
our knowledge, have addressed the real-time ex-
trapolation of delays associated with eight Ether-
CAT Slave Controllers (ESC) equipped with RJ45
connectors. This analysis is conducted through the
utilization of both a packet analyzer operating at
the data-link layer of the Open Systems Intercon-
nection (OSI) model and real-time measurements
facilitated by an oscilloscope and shell scripting.
Comprehensive details regarding the experimental
setup are elucidated in Section III.

In Section IV, the raw measurement data un-
dergoes rigorous statistical analysis in pursuit of
identifying a suitable mathematical model that
best fits the observed measurements.

Section V encompasses an exhaustive analysis
carried out through the application of the De-
sign of Experiment (DoE) methodology, aiming
to present a comprehensive and precise model for
delays incurred when deploying the EtherCAT
protocol.

Ultimately, the study concludes in Section VI,
summarizing the findings and insights drawn from
the research endeavor.

II. ETHERCAT OVERVIEW

The EtherCAT protocol is encapsulated within
Ethernet frames via a dedicated 2-byte length
field known as “Ethertype,” as depicted in Fig. 1.
This encapsulation includes a sequence of sub-
telegrams that target specific memory areas
within the image logic process, with the potential
to encompass sizes as large as 4 gigabytes (GB).
Significantly, the order in which EtherCAT Slave
Controllers (ESCs) are physically connected does
not dictate the data sequence, allowing for flexible
addressing in any order. Direct Ethernet frame
transfer is employed when there is a demand for
high performance, particularly in scenarios where
EtherCAT components operate within a single
subnet.

EtherCAT’s applicability extends beyond single
subnets. The EtherCAT User Datagram Protocol
(UDP) facilitates the encapsulation of the Ether-
CAT protocol within Internet Protocol (IP) data-
grams, enabling communication across multiple
subnets via routers. In such configurations, per-
formance relies on the real-time network’s capa-
bilities and the specific Ethernet implementation.
Notably, standard Ethernet patch cables offer the
option of transmitting signals in either Ethernet
(100Base-TX) or E-bus mode. The Fast Ethernet
architecture accommodates cable lengths of up
to 100m between two network elements, while
the E-bus design is optimized for distances of up
to 10 meters. Furthermore, in terms of network
expansion, the capability to connect up to 65535
elements is attainable [20].

The current operational framework is predicated
upon the encapsulation of an EtherCAT frame
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within an Ethernet frame, the latter having a
standard size of 1518 bytes, as exemplified in the
first scenario depicted in Fig. 1.

This contribution places a specific emphasis on
achieving precise synchronization, particularly
within distributed systems where multiple remote
entities necessitate synchronous action. Notably,
the current operational paradigm relies exclusively
on a hardware-based mechanism for EtherCAT
data exchange.

Given that communication in this context ad-
heres both logically and physically to the daisy-
chain structure, the master clock assumes the role
of determining propagation delays and offsetting
slave clocks in a direct and precise manner. The
synchronization accuracy is thereby attainable at
a level below one microsecond.

In terms of practical application, the generation
of SYNCO0/1 and LATCHO/1 signals [20] via In-
terrupt ReQuest (IRQ) events holds paramount
significance as it triggers network operations and
timestamps saving, subsequently leading to a
substantial reduction in latency. These signals
can be directed to external Input/Output (I/0)
pins within the Electronic Slave Controller (ESC)
hardware.

The full-duplex connection is consistently sup-
ported between two ESC ports, as stipulated by
the EtherCAT Technology Group (ETG). A “seg-
ment” is defined as a collection of n ESCs linked to
one or more ESCs, and it maintains a logical ring
topology, even within a daisy-chain configuration.
As illustrated in Fig. 2a, the n'* slave is re-
sponsible for processing and forwarding frames
via the four ports outlined in Fig. 2b. The
number of ports is ESC-specific, with each ESC
in the paper’s setup accommodating four ports.
The EtherCAT Processing Unit (EPU) within
the ESC embeds and processes incoming frames
solely from the IN port, referred to as the pro-
cessing direction. Other directions are considered
forwarding directions. Frame processing within
the EPU encompasses datagram handling, auto-
forwarding/loop-back functionality, and Fieldbus
Memory Management Unit (FMMU) operations.
In terms of shared memory functionality, the
Sync-Manager (SM) and FMMU play pivotal roles
in facilitating data exchange between the master
and ESCs. When communication between the
master and slaves occurs in an acyclic fashion,

the SM operates in one-buffer mode; otherwise,
it operates in three-buffer mode. In the current
scenario, the SM serves exclusively for memory
sharing, with Distributed Clock (DC) handling
the synchronization process.

In DC mode, there are three distinct settings: (1)
Master Shift (MS), where the local clock of the
first slave is utilized to readjust the master timer;
(2) Bus Shift (BS), where the master retains con-
trol over time and configures it for the first slave;
and (3) the utilization of an external reference
clock, such as a global time system, across all
devices. The current setup adheres to the first DC
mode, the Master Shift (MS). The master shift is
the offset in time between the start of the CT and
the actual transmission of the EtherCAT frame,
accounting for software or synchronization-related
delays.

Upon the processing and routing of frames
through both frame processing and forwarding
paths, the frame delay can be estimated in ac-
cordance with (1). Tramebelay represents the min-
imal achievable Cycle Task (CT), with any delays
incurred being proportional to TxameDelay- In this
study, we set the CT to 5ms, a choice contingent
on the CPU performance of the master when
operating in DC mode. It is imperative to ensure
that the CT does not surpass the global clock
performance of the master’s CPU, as exceeding
this threshold would result in frame drops and a
loss of DC synchronization.

III. SYSTEM SETUP

To experimentally investigate the synchronization
and latency characteristics under realistic con-
ditions, we implemented a complete EtherCAT
network prototype. The following section details
the system setup, including hardware compo-
nents, network configuration, and the open-source
tools used in the evaluation.

A. Open Source IgH EtherCAT Master

Fig. 3d elucidates the architectural framework of
the IgH master, with reference to prior research
contributions [21]-[23]. The diagram’s constituent
blocks, numbered from 1 to 6, are delineated as
follows:

(D The slave entities offer their inputs and outputs
by presenting Process Data Objects (PDOs) to
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Figure 3: (a) Experimental setup showing a packet analyzer connected in-line with eight EtherCAT
slaves via 100 Mbps Ethernet (blue cable, left) and an IgH EtherCAT master via 100 Mbps Ethernet
(white cable, right). Two oscilloscope probes are connected to digital 1/Os on the 1 and 8 slaves to
monitor synchronization behavior. (b) Oscilloscope capture displaying interrupt output signals from
the 1% and 8 slaves. (c) Zoomed view of the oscilloscope output, revealing a registered synchronization
delay of 1.5ps. (d) Illustration of communication and interaction processes between the IgH EtherCAT
master and the connected slave devices.
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the master. The determination of available PDOs
can be accomplished by reading the TxPDO cat-
egories or RxPDO via the Electrically-Erasable
Programmable Read-Only Memory (E2PROM)
shared memory. Additionally, Service Data Object
(SDO) functionality is commonly available on
most slaves to facilitate task-specific maintenance
procedures.

(2 The application has the capacity to store the
inputs associated with the PDOs designated for
exchange during cyclic operations. The Processing
Data Image (PDI) is defined as the aggregate of all
subscribed PDO entries. The data transferred be-
tween these PDIs is managed through datagrams
featuring logical memory access, such as Logical
Memory Write (LWR), Logical Memory Read
(LRD), or Logical Memory Read-Write (LRW).
(3 Domains are established to facilitate commu-
nication among groups of PDOs, with a minimum
of one domain being requisite for data processing.
4@ Datagrams can be interchanged at varying
rates for each domain, allowing for flexibility in
data exchange.

(5) The master module exclusively operates within
the kernel space and can accommodate multiple
masters within its module. It exhibits compati-
bility with a spectrum of real-time Linux exten-
sions, owing to its autonomous architecture. In
the present configuration, the RT-Preempt kernel
Linux patch is adopted, aligning seamlessly with
the EtherCAT master employed, which relies on
Sitara hardware CPU technology developed by
Texas Instruments.

6 The application can reside either within the
kernel space or user space via the Application Pro-
gramming Interface (API). The EtherCAT master
facilitates the use of the Ethernet over EtherCAT
(EoE) mailbox protocol, enabling the tunneling
of Ethernet frames to specific slaves, which may
possess physical Ethernet ports or incorporate
their IP stack to receive such frames. Furthermore,
the CANopen over EtherCAT (CoE) protocol
serves to configure slaves and facilitate data object
exchanges at the application level. The Vendor-
specific over EtherCAT (VoE) protocol offers the
means to implement vendor-specific mailbox com-
munication protocols. Lastly, the Servo Profile
over EtherCAT (SoE) protocol allows for the real-
ization of the service channel layer via EtherCAT

mailboxes.

The master module disseminates information per-
taining to its status and events through the kernel
ring buffer, and these details are also recorded in
the system logs.

B. Ezperimental Setup

Table II: Hardware Master Specifications of IgH

| Hardware module [ Specifications

-TI Sitara AM3359

Processor -ARM Cortex A8
-1GHz

RAM -512 MB DDR3

Power 5V

-One USB Host
-One Mini-USB Client
-One 10/100 Mbps Ethernet port

Connectivity

-2 GB onboard eMMC

Storage -1 MicroSD

As depicted in Fig. 3a, the experimental configu-
ration comprises eight Electronic Slave Controllers
(ESCs) interconnected in a daisy-chain topology.
A packet analyzer is introduced into this setup,
serially connected via a 100 M Ethernet blue
cable, extending from the left side to the IgH
master situated on the right side. The role of the
packet analyzer is to record, at the second layer of
the OSI model, the time delays encompassing the
entire Ethernet packet, which encapsulates 1486
bytes of EtherCAT frame data. These packets are
transmitted from the 8% ESC to the IgH master.
The hardware specifications of the IgH master are
delineated in Tab. II. It is noteworthy that the
processor clock frequency and the capacity of Ran-
dom Access Memory (RAM) play a pivotal role in
determining the minimum cycle task period.

The oscilloscope serves as a critical tool for cap-
turing signals generated by SYNCO, identifiable
by a specific I/O pin originating from both the 1%
ESC (indicated by the yellow signal) and the 8
ESC (represented by the blue signal) in Fig. 3b
and Fig. 3c. It is important to note that these
signals can only be effectively captured when the
Distributed Clock (DC) mode is activated.
Figure 1b illustrates that the signals received at
the oscilloscope’s probes exhibit strong synchro-
nization; however, for a more accurate assessment
of synchronization precision, refer to Figure 1lc.
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Quantitative measurements indicate a delay of
1.5 ps at the physical layer, as recorded by the os-
cilloscope’s probes. Additionally, an Inter-Packet
Gap (IPG) of 0.5ms, observed at the second layer
of the OSI model using the packet analyzer, is
evident (as depicted in Fig. 4). It is crucial to
distinguish IPG from jitter or frame delays, as
IPG represents a latency interval imposed by the
IEEE 802.3 standard to facilitate timing recovery
at the receiver side, and should not be conflated
with other timing variations or frame delays.

IV. EXPERIMENTAL MEASUREMENT ANALYSIS

Having outlined the system components and con-
figuration, we now focus on the experimental mea-
surements, detailing the tools, metrics, and pro-
cedures employed to quantify performance across
multiple network layers.

Time delays are readily accessible and extractable
from the IgH master dashboard through the Ap-
plication Programming Interface (API). A shell

script was developed to systematically gather
these time delays, achieving a granularity as fine
as nanoseconds.

Fig. 6a visually presents the compiled time de-
lay data gathered over a duration of 10min.
This experiment underwent eight repetitions, with
each iteration corresponding to a specific order
of Electronic Slave Controllers (ESCs) within the
daisy-chain, where the delay measurement was
conducted. In this configuration, the maximum
recorded delay, observed under worst-case condi-
tions, approximates 1.6 x 10° nanoseconds (ns),
while the minimum delay, occurring under the
most favorable circumstances, is approximately
0.8 x 10° ns. An apparent variation in the es-
tablishment periods of the ESCs is discernible, a
characteristic that can be adjusted through the
chosen Master Shift (MS) mode.

Fig. 6b presents statistical insights derived from
the measured delays, encompassing standard de-
viation and mean values for each measurement.
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models to assess its relative performance and goodness-of-fit

Meanwhile, Fig. 6¢ exhibits the response profile
of a proposed S-function when applied to elapsed
time.

A. S-function Approzimation

Fig. 6¢ reveals a distinct characteristic in the
relationship between the acquired time delays and
the corresponding elapsed time, manifesting an
“S”-shaped curve. This particular curve conforms
to an S-function, often referred to as the sigmoid
function, which can be represented mathemati-
cally as H%p(_x), where x signifies the recorded
elapsed time. The discerned curve closely resem-
bles the pattern observed in Fig. 6a, consolidating
the findings presented in Fig. 5

In our pursuit of identifying an appropriate sta-
tistical model to encompass the current results,
we posit that the logistic law may offer a fit-
ting framework. This assertion is rooted in the
observation that the S-function typically aligns

with data-sets that conform to logistic regression
principles [24]. We observed that the latency over
time exhibited a nonlinear, saturating growth pat-
tern, reminiscent of a sigmoidal curve. Given this
behavior, often associated with feedback-limited
or resource-constrained systems, we hypothesized
that a logistic model could effectively capture the
dynamics. To further substantiate this hypothesis,
we subjected the obtained time delays to four
distinct candidate laws: Extreme Value, Rayleigh,
Normal, and Kernel. The results, as depicted in
Fig. 5 suggest that the logistic law is a suitable
choice for the majority of ESCs, with the excep-
tion of the 8" and 5" ESCs. Armed with this
dual-pronged approach, we contend that the time
delays likely adhere to the logistic law.

B. Logistic regression

Building upon the conclusions drawn in Subsec-
tion IV-A, it is possible to depict the behavior
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Figure 6: (a) Experimental delay measurements extracted using the Linux OS diagnostic dashboard
and the IgH EtherCAT master tool, with the Distributed Clock period set to 5ms. (b) Mean and
standard deviation of the measured latency values across multiple runs. (¢) Representative example
of an S-function used for modeling or control integration within the test environment. (d) Statistical
analysis based on the logistic distribution, showing the relationship between fitted parameters and

the number of EtherCAT slave nodes.

of the logistic law across all Electronic Slave Con-
trollers (ESCs), as exemplified in Fig. 6d. Notably,
as the number of ESCs within the daisy-chain
configuration increases, the Probability Density
Function (PDF) profile assumes a less flattened
shape, resulting in time delays clustering closer to
the mean value.

To facilitate a more explicit examination of the
mean and standard deviation values emanating
from the logistic laws illustrated in Fig. 6d, we
have introduced Table. IIla. The mean values

exhibit a range spanning from 1.5528 x 10° to
1.5640 x 105 ns.

When applying the 30 (3-sigma) rule to the worst-
case scenario documented in Table. Illa, it be-
comes evident that 68.27% of time delays fall
within the interval [1.5281 x 10°...1.5999 x 10°]
ns, 95.45% of time delays reside within the range
[1.4922 x 10°...1.6358 x 10°] ns, and 99,73% of
time delays are encompassed within the span
[1.4563 x 10%...1.6717 x 105] ns.
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Table III: (a) Statistics issued from Logistic law analysis (i, o,30) based on Fig. 6d. (b) ANOVA

Analysis.
‘ Slave’s order H 1 ‘ 2 | 3 | 4 | 5 | 5 | 7 | 8
w (ns) 1.5528 x 10° | 1.5340 x 10° | 1.5937 x 10° | 1.4824 x 10° | 1.5949 x 105 | 1.5893 x 10° | 1.5957 x 105 | 1.5640 x 10°
o(ns) 1.1037 x 10* | 1.1125 x 10* | 0.8676 x 10* | 1.7285 x 10* | 0.7056 x 10* | 0.7237 x 10* | 0.6439 x 10* | 0.3590 x 10*
30(ns) 3.3112 x 10* | 3.3374 x 10* | 2.6027 x 10* | 5.1855 x 10* | 2.1168 x 10* | 2.1711 x 10* | 1.9316 x 10* | 1.0771 x 10*
(a)
Source || Degree of freedoms | Sum of the mean square errors | p-value
gplaves 10 8.38 x 107 0
xP¢ 10 1.92 x 1077 1
aplaves x g DC 10 1.025 x 10723 1

[e+947 [2e+04 ]
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While the latency model and DoE analysis pro-
vide a structured understanding of parameter ef-
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Figure 7: (a) Coefficient weights of the response variable Y = f(z7}
illustrating the influence of each factor on the model. (b) Estimation accuracy of latency using the
Design of Experiments (DoE) methodology, showing results before and after ANOVA analysis for
comparison. (¢) Contour plot depicting the topology of the factor pair (zf@v 22¢) highlighting
interaction effects. (d) Comparison of DoE results with actual latency measurements, validating the
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V. LATENCY MODELING WITH DOE
METHODOLOGY

,2P%) prior to ANOVA analysis,
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fects, empirical measurements are essential to con-
firm theoretical insights. The subsequent section
presents the experimental results obtained from
our testbed.

To go beyond traditional empirical benchmarking,
this work integrates a Design of Experiments
(DoE) framework into the EtherCAT system eval-
uation pipeline. Unlike previous studies that of-
ten rely on heuristic or fixed-parameter measure-
ments, our approach systematically explores the
design space by varying key configuration param-
eters such as distributed clock synchronization
modes, cycle task intervals, and the number of
EtherCAT slaves. This allows for a quantitative
modeling of latency behavior, revealing statis-
tically significant interactions between protocol-
level settings and synchronization performance.

Furthermore, the experimental system is deliber-
ately built using open-source EtherCAT master
stacks (IgH), which, when combined with low-level
measurements at the Media Independent Interface
(MII) level, enables fine-grained access to PHY-
layer delays-an often overlooked but critical di-
mension in time-sensitive industrial applications.

To the best of our knowledge, this is the first
publicly documented methodology that combines
DoE-based statistical analysis with hardware-level
timing validation under MII-based EtherCAT
configurations, thereby offering a replicable and
extensible framework for performance evaluation
in real-time Ethernet systems.

The Design of Experiment (DoE) methodology,
as outlined in references [25], [26], serves as a
systematic approach for the development of pre-
dictive models that elucidate trends within sys-
tems. These models are adept at forecasting sys-
tem responses contingent upon their constituent
parameters, referred to as “factors.” The founda-
tion of these models rests upon empirical data
obtained from experiments, which subsequently
undergo rigorous statistical analysis. Importantly,
the DoE-driven model dispenses with the ne-
cessity for fundamental analysis of underlying
phenomena, devoid of any inherent physical in-
terpretation. Within this framework, “controlled
factors” denote parameters with the potential to
exert influence on the outcomes of an experiment,
while all other factors are designated as “uncon-
trolled factors.” The spectrum of values that a con-

trolled factor can assume is referred to as “levels,”
and the model’s response materializes as a numer-
ical result generated during an experimental trial,
contingent upon a specific treatment. The extent
of a factor’s impact on the response is termed the
“effect.” There are two discernible categories of
effects: “main effects,” which embody the direct
influence stemming from a controlled factor, and
“interactions effects,” which encompass the effects
resulting from the interplay between factors, often
referred to as “second-order interactions.”

A. Problem Definition

In this work, we spotted two essential factors that
could impact the time delays: the number of slaves
ESCs, and the Cycle Task (CT) periods used by
the DC. The factors (x7'@es 2D¢) will shape the
design of the plan as follow:

_ Slaves ,,.DC
Y o= f(a7" zy") (2)
= q +alxlSlaves + a2$2DC—|— a12xi§'lavesx2DC

gi'es = Slave orders € [1, 8]
¢ = DC values € [1,5] ms
Y = The mean latency per trial
Matrix (3) summarizes the DoE model of (2):
Trial pylaves D¢ Y
1 - - Y1
2 - + Yo
3 + - Y3
4 + + Ya
5 - - Ys (3)
6 - + Ye
7 + - Y7
8 + + Ys
— min = 7ms min = 1ms
+ max =8ms max = d5ms

B. Preliminary Results

Following the mathematical manipulation of equa-
tions (3) and (2) to determine the values of
ai,a;j, the function f(z7%ve 20% attains com-
plete definition. In accordance with the observa-
tions gleaned from Fig. 7a and Fig. 7b, it becomes
evident that an increase in the number of slaves
contributes to enhanced precision in the DoE esti-

mator. Fig. 7c presents a contour topology of the
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parameter pair (279, xP), providing a visual

representation of the variations in f(xves, zD¢)

while 279 across the range of x7'**** concerning
DC
Ty "

C. ANOVA Optimization

In pursuit of enhancing the optimization of the
results outlined in Subsection V-B, we employed
the Analysis of Variance (ANOVA) methodology.
Typically, ANOVA encompasses an array of esti-
mation tests designed to evaluate the impact of
controlled factors and their interrelations.

To this end, we introduced the concept of the p-
value in Tab .III(b), which serves as a quantita-
tive indicator of the factor’s significance within
the proposed model. As the p-value approaches
zero, it signifies a noteworthy level of significance,
indicating the substantial influence of the factor
on the model. Conversely, when the p-value devi-
ates from zero, it suggests that the factor exerts
minimal influence on the model’s behavior.
Upon subjecting the ANOVA test to scrutiny, it
becomes evident that only 27" merits inclusion
within the model. This assertion finds validation
through the juxtaposition of the reduced model
with the actual measurements, as illustrated in
Figure Fig. 7d.

D. Summarize of the obtained results

To more clearly present these findings, we sum-
marize the key advancements as follow:

o Minimalist hardware setup with high-
resolution insight:

Unlike many prior studies that rely on complex
or specialized proprietary hardware and software
(e.g., TwinCAT 3) to be used as Master controller,
our measurements were conducted with an open-
source Master installed on a resource-constrained
embedded platform (BeagleBone Black). Despite
hardware limitations, we achieved precise delay
measurements using lowd-level monitoring via the
MII interface. This demonstrates the feasibility
of ultra-low latency EtherCAT systems (1.5ms)
on minimal hardware-a highly valuable result for
cost-sensitive industrial deployments.
o Statistical modeling of delay profile:

Through extensive latency measurements, we
identified that the logistic distribution best fits the

observed EtherCAT delay profile. The probability
density function (PDF) used is:

_TTH
(& T

f;p,m) = (4)

T (1 +e” m;”)z
where p is the mean delay and 7 is the scale
parameter. This model allows system designers
to predict latency distribution across nodes and
scenarios.

o Latency bounds via 3¢ rule:
Using the fitted logistic model, we applied the 3o
rule to derive an interval of confidence (u + 30),
which encapsulates 99.7% of delay occurrences.
This is highly relevant for real-time applications,
as it quantifies the safe operating window for
deterministic communication.

o Latency predictability

chains:

The model enables analytical prediction of end-to-
end delay as a function of the order of EtherCAT
slaves ,n, where delay growth is shown to be linear:
D(n) = ag + ajzileves

« DoE and ANOVA analysis confirm pa-

rameter independence:

We performed a Design of Experiments (DoE)
study and used ANOVA to evaluate the effects
of Distributed Clock (DC) and Cycle Task (CT)
configurations. The p-values for interaction terms
exceeded (.05, indicating no statistically signifi-
cant impact or interaction on delay performance.
This insight streamlines configuration efforts for
EtherCAT integrators.

o Record-level delay at PHY layer:
To our knowledge, this is the first study reporting
a 1.5ps PHY-layer delay using open-source
IgH master and standard FEthernet -cabling,
confirmed by time-synchronized oscilloscope
measurements. This sets a new benchmark for
real-time industrial networking performance
using open and accessible tools.

across node

VI. CONCLUSIONS

This study provides a comprehensive analysis of
EtherCAT network performance, focusing on la-
tency and robustness under synchronized commu-
nication loads, with an emphasis on the use of
MII connections and an open-source master. The
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proposed methodology, which integrates experi-
mental design (DoE) and detailed latency mod-
eling, demonstrates significant improvements in
the understanding of real-time communication in
industrial networks. Specifically, we identified crit-
ical latency thresholds at various layers, including
the PHY layer, which is crucial for time-sensitive
applications.

The customized experimental setup yielded note-
worthy findings, including the achievement of an
inter-packet gap of 0.5ms at the packet layer,
1.5ms at the frame layer, and 1.5 ps at the phys-
ical layer, particularly when employing the DC
mode with master shift configuration. Ultimately,
the investigation into the extrapolated time de-
lays, facilitated by an open-source IgH master,
and culminated in the identification of a logistic
law profile, serves as a robust statistical frame-
work, offering a straightforward parameterizations
to characterize the observed statistical properties
effectively. The findings of this study can be di-
rectly applied to several industries that rely on
real-time Ethernet-based communication, includ-
ing industrial automation, robotics, and process
control. The ability to optimize synchronization
in EtherCAT networks will enable the devel-
opment of more responsive and reliable control
systems. The use of open-source tools provides
a cost-effective, accessible solution for practical
implementations, which could significantly benefit
small and medium-sized adopting EtherCAT for
automation systems.

By employing the Design of Experiments (DoE)
methodology, this research also offers a replicable
framework that can be adapted to other network
configurations and communication protocols, fur-
ther extending the scope of its applications in
industrial settings. The proposed approach not
only advances the understanding of EtherCAT
performance but also lays the groundwork for
future innovations in real-time industrial network-
ing. These results contribute also to the ongoing
efforts to integrate industrial Ethernet, within
emerging 5G/6G communication infrastructures.
Time-Sensitive Networking (TSN) stands out as
a key enabler by providing deterministic guaran-
tees and enabling synchronization across hetero-
geneous networks. The latency modeling supports
this by offering precise bounds on wired commu-

nication delays. This can facilitate harmonization
between wireless (5G/6G) and wired (EtherCAT)
timing domains. Additionally, there is room to
extend our current setup toward hybrid architec-
tures by adapting EtherCAT for Wi-Fi 7, leverag-
ing its low-latency and deterministic capabilities.
This direction opens promising opportunities to
widen the applicability of EtherCAT in flexible
and wireless industrial scenarios.
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