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Abstract

The evolution of industrial communication inexorably
moves to Industrial Ethernet networks. One important
reason for using Ethernet at the shop floor is to partici-
pate on the continuous advancements of standard Ether-
net. Thus it seems to be the logical next step to change the
bit rate from Fast Ethernet to Gigabit Ethernet to achieve
better performance. The question is, how the cycle time
as a relevant performance metrics of industrial automa-
tion systems can profit from increasing the bit rate to 1
Gbps. Because of its importance for the industrial au-
tomation domain this paper focuses on line topology. The
analysis is based on EtherCAT and PROFINET, which are
two popular representatives of different architectures for
high performance Industrial Ethernet networks.

1. Introduction

The evolution of industrial communication moves to
Industrial Ethernet networks, which are now in the phase
of market launch. An introduction to Industrial Ethernet
and the standardisation process can be found in [1, 6, 5].
At the field level of industrial automation systems, the line
topology is very important [21]. In difference to the of-
fice communication, the wiring structures in the indus-
trial automation domain must follow mechanical condi-
tions and cabling channels of machines and plants. This
mostly leads to a structure of a line topology with some
trunks. When using Ethernet, an industrial control system
may have tens or even up to hundreds of active nodes or
switches cascaded.

Today, Industrial Ethernet protocols can be classified
into three main categories which are shown in Figure 1.
The protocols are becoming more powerful from cate-
gory 1 to category 3, while additional functionality at the
data link layer becomes necessary simultaneously. Mod-
Bus/IDA [18], Ethernet/IP [3] and FF HSE [7] are repre-
sentatives of the first category. The protocols are using
Ethernet as it is, only adding an industrial-automation-
specific application layer on top of TCP/IP. Because of us-
ing the whole TCP/IP protocol stack, they are lacking per-
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formance in realtime transfer. Data transfer times of about
100 milliseconds can be achieved, typically. Industrial
communication systems, which use protocols of the sec-
ond category are perceived as a compromise between na-
tive Ethernet standard and achievable performance for re-
altime data transfer. An example for this category is given
by PROFINET RT [4, 12, 9]. These protocols are using
the priority scheme at the Ethernet MAC layer according
to IEEE802.1D/Q [14, 15]. For an additional optimisa-
tion the transport and the network layer has to be bypassed
for realtime data. Implementing this optimisation, a data
transfer in the range of 10 milliseconds can be achieved.
Further enhancements are only possible by interventing
into the scheduling procedure of the MAC layer. Protocols
which are changing the original MAC scheme of Ethernet
are part of category 3. In order to use those protocols, spe-
cific hardware or software is necessary. For example, Eth-
ernet Powerlink [19] uses a Master/Slave support, while
EtherCAT [2, 10, 11] organises the whole cyclic realtime
data exchange using a so-called summation frame. This
means that EtherCAT uses only one single frame for mes-
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sages from and to all devices. The devices which are in-
volved in the cyclic real time communication, receive their
data at a predefined position of the total frame. This basic
concept is well-known from fieldbus systems like INTER-
BUS [8].

On the other hand PROFINET IRT utilises individual
frames for every node and schedules the whole real time
traffic a priori [20]. In the startup phase every PROFINET
IRT node receives its individual timetable from an engi-
neering station for dealing with incoming frames, making
the real time traffic completely predictable. Category 3
based protocols support data transfer times in the range
below milliseconds.

2. Problem outline

PROFINET is a representative of protocols, which are
based on a message-related method for realtime data ex-
change, while EtherCAT is a representative of systems us-
ing the summation frame method. Thus in this paper we
take EtherCAT and PROFINET and address the issue of
the cycle time as an important performance metrics of in-
dustrial automation systems and whether it can profit from
increasing the bit rate to 1 Gbps. Because of its impor-
tance in the industrial automation domain we focus on re-
altime communication using the line topology.

IP communication in combination with realtime com-
munication may require more attention in the future.
While EtherCAT requires a master to handle IP com-
munication, which limits this type of communication,
PROFINET allows unlimited IP communication in the in-
terval with no RT communication.

This paper is organised as follows: Section 3 gives a
brief introduction to EtherCAT and PROFINET, and anal-
yses both Industrial Ethernet Protocols. In section 4 we
discuss the potential of PROFINET and EtherCAT when
the bit rate is changed from 100 Mbps to 1 Gbps. The
paper ends with the conclusions in section 5.

3. Analysis of EtherCAT’s and PROFINET’s
Performance

This chapter gives a brief introduction to EtherCAT and
PROFINET taking the used frame structure into regard.
Afterwards, we present the analysis of the cycle time for
both systems.

3.1. Frame structure
3.1.1 Standard Ethernet frame

Obviously, all Industrial Ethernet Protocols are using a na-
tive Ethernet Frame as a carrier, shown in figure 2 [16]. It
starts with a 7 bytes long preamble and an 1 byte long
Start-of-Frame Delimiter (SFD). These 8 bytes are used
to synchronise the physical layer (PHY) of the receiver.
The following 12 bytes are the destination and the source
addresses. The next 2 bytes are reserved for the Ethertype

8 6 6 2 46-1500 4
[] Preamble/SFD [ ] Source address [ ] Payload

[] Target address [ ] Ethertype [] FCS-Status

Figure 2. Structure of a native Ethernet-
Frame

which marks the encapsulated higher layer protocol (e.g.
IPv4: 0x0800, EtherCAT: 0x88 A4, PROFINET: 0x8892).
Hereafter the payload of the frame follows. The frame
ends with a 4 bytes-long Frame Check Sequence (FCS) to
guarantee the integrity of the received data.

3.1.2 Frame structure of EtherCAT

EtherCAT uses a standard Ethernet frame with an Ether-
type of 0x88A4. The EtherCAT-specific data is embed-
ded in the payload of the Ethernet Frame. As shown in
Figure 3, the EtherCAT-specific information starts with
the EtherCAT-header which is 2 bytes long. The device
user data is exchanged by so-called EtherCAT telegrams.
These are starting with a 10 bytes telegram header and
close with a working counter, which requires another 2
bytes. The working counter is automatically incremented
by all devices, that process the associated telegram. It pro-
vides an effective diagnostic tool. In order to reduce the
overhead of EtherCAT, it is possible, that all telegrams
share solely one telegram header and working counter.
The main advantage of EtherCAT is based on the possi-
bility to pack the individual data of several devices into
one single summation frame.

The potential of merging EtherCAT telegrams in one
single frame reduces the overhead of EtherCAT. The out-
put data to the device sent by the controller will be re-
placed by the input data of the device on the fly. Because
of this method, the reserved space in the telegram has to be
determined by the controller or the device data, depending
on their size. In the case of the amount of controller data
exceeding the amount of device data, the controller deter-
mines the telegram size and vice versa.

3.1.3 Structure of a PROFINET frame

The basic structure of a PROFINET frame is similar to an
EtherCAT frame (cf. Fig. 4). The PROFINET-specific

2
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Figure 3. Structure of an EtherCAT-Frame
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overhead is also embedded in the payload of a standard
Ethernet frame and starts after the ethertype 0x8892 with
a 2 byte Frame-ID, which defines the type of PROFINET
IO messages. Afterwards the payload of the PROFINET
device follows. The payload will be finalised by one
byte IOPS (I0-Data Object Producer Status) and one byte
IOCS (I0-Data Object Consumer Status) for every sub-
module in the device. The IOCS and IOPS show the va-
lidity of the cyclic data transfer. A PROFINET telegram is
completed by the APDU-status (Application Layer Proto-
col Data Units). The APDU status comprises a 2 byte cy-
cle counter to control the timeliness of a frame in a redun-
dant wired system and an 1 byte data-status, which shows
whether the data is valid. The APDU-Status is completed
by an 1 byte Transfer-Status.

3.2 Cycle time

Common industrial control applications are typically
based on controller units, which require fixed sampling
rates. Therefore the cycle time is an important perfor-
mance metrics for industrial communication systems. The
cycle time is defined as the time necessary to exchange
the input/output data between the controller and all net-
worked devices once. The following chapter analyses
the minimum of possible cycle times of EtherCAT and
PROFINET.

3.2.1 Cycle time of EtherCAT

The minimal cycle time of an industrial communication
system based on EtherCAT depends on several terms. The
first term is the delay ¢gthernet, Which covers the over-
head generated by a standard Ethernet-frame itself. In Fig-
ure 2 the overhead consists of 24 bytes for protocol control
information and the FCS (dg¢nernet), and 12 bytes for the
interframe gap (d;rg). The delay t g¢nernet could be cal-
culated by dividing the number of bytes over the given bit

rate b:

dBthernet + d1Fa
tEthernet = 6’7L6b (1)

The delay tecqt_fwa describes the time necessary for an in-
dividual EtherCAT device for forwarding the frames from
the incoming interface to the outgoing interface and vice
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Controller

versa (see Figure 5). The delay ¢,,cqium defines the aver-
age medium delay.

tdata 1 caused by the payload. It can easily be calcu-
lated considering the dg,¢, in bytes and the bit rate b:

ddata
tdata - b (2)

The recent relevant delay component tecqt_op 1S in-
troduced through the overhead of every EtherCAT tele-
gram. It includes the 10 byte EtherCAT telegram header
decat_teleg_md and a 2 byte working counter dc.

An additional overhead of two bytes is caused
by the EtherCAT header decat_teleg-ma for every
EtherCAT frame. The maximum EtherCAT payload
Amaz_ccat_payload Will be introduced for the sake of clar-
ity . It consists of the maximum Ethernet payload
dethernet_maz_payload (cf. Fig. 2) minus the additional
EtherCAT overhead.

dmaz_ecat_payload = ’Vdmax_ethernet_payload—l :
3)

*decat_Hd —k* (decat_teleg_Hd + dwc)

where k represents the number of EtherCAT telegrams per
frame. The whole EtherCAT overhead ¢..4:_o, can be cal-
culated with the following equation:

Ndevices ddata —| .

tecat_ov = ’Vd

mazx—ecat_payload

“)

decat_Hd + (decat_teleg_Hd+dwe)*k
b b

If the total sum of the desired user payload exceeds
maz_ccat_payload, the data has to be segmented, whereby
every frame creates an additional overhead. To be more
definite the delay £ ,qme is established. It consists of the
data transfer time ¢4, the overhead caused by Ethernet
tethernet and the protocol-specific overhead tecqt_ov:

tf'r‘ame = tdata + tethernet + tecat_ov (5)

The minimum possible cycle time t..q; of EtherCAT
consists of the sum of the delay components mentioned
before.

tecat = Ndevices (tecat_fwd + tmedium + tframe) (6)

As shown in equations (2) and (4) tecat_ov and tgq:q are
affected by the payload size and the bit rate, while the for-
warding delay tecat_fwd and the medium delay tedium
are independent from these parameters. Figure 5 shows
an example of a EtherCAT topology, with one controller
and four devices.
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3.2.2 Cycle time of PROFINET

In order to calculate the cycle time of PROFINET the for-
warding delay t,,_rwqd, the medium delay ¢,,cdium. the
payload delay %44¢q, the PROFINET overhead ¢,,,_,, and
the delay tgihernet introduced by the Ethernet frame it-
self must be taken into account. PROFINET uses the
full-duplex feature of Ethernet [13]. Therefore, the data
exchange between controller and devices, can occur si-
multaneously in both directions. For this reason only the
way from the controller to the devices has to be considered
for the calculation of the cycle time. Because PROFINET
uses individual frames for every device, a higher amount
of overhead is produced in comparison to EtherCAT.

With Figure 6 we introduce a space-time diagram. This
presents the position of objects as a function of time.
Usual time runs down the diagram, so that the bottom
represents the future, or late times, and the top repre-
sents the past, or early times. A point on this graph de-
scribes both, a position (the horizontal or x coordinate)
and a time (the vertical or t coordinate). This diagram
type is very appealing for visualising the physical propa-
gation of frames through the topology. Figure 6 presents
a space-time diagram for a communication system based
on a message-related principle like PROFINET with one
controller and two devices arranged in a line topology.
It represents a situation, where the controller is sending
the frames in the order of the arranged devices. The
cycle time spans the time period from sending the first
bit of frame I until receiving the last bit by the furthest
right arranged device. In order to reach a minimum cycle
time, it is necessary, that the controller sends the frame
for the last device at first. This type of sending, utilis-
ing the slipstream-effect, is shown in figure 7. The posi-
tive characteristics of the slipstream-effect can be used, if
tframe > (tmedium + tpn_fwd) is valid.

The angle « in the figure 7 represents the actual bottle-

neck of a system and can be calculated with the following
formula:

tana — |tmedium + tpn_fwd - tf'rame| (7)

Ndevices

If the value of the angle o becomes negative, the system
does not profit from a increasing bit rate b. Depending
on tfrqme the relevant bottleneck of PROFINET changes.
Thus, we need two formulas for calculating the cycle time
of PROFINET.

If o > 0 the minimum cyclic time ¢,,,; will be calcu-
lated with the following equation:

tpnl = tmedium + tpn_fwd + Ndevices (tf'rame) (8)

If o < 0 the minimum cycle time ¢,,2 will be calculated
as follows:

tan = Ndevices (tmedium + tpn_fwd) + tf'r‘ame (9)
4 Potential of EtherCAT and PROFINET

In the following chapter we take a look at the perfor-
mance potential of EtherCAT and PROFINET, when us-
ing a bit rate of b = 1Gbps. The results in this chapter are
based on the equations of Chapter 3.2.

4.1 Advantage of an increased bit rate

First we would like to discuss the cycle time for
PROFINET using a bit rate b of 100 Mbps and 1 Gbps.
The following assumptions are applied:

e the forwarding delay inside a PROFINET device
tpn_fwd 18 set to 3 s when using Fast Ethernet. This
is a typical value of cut-through switches [17].

By using Gigabit Ethernet the PHY delay was set to
250 ns, which is typical for modern gigabit PHYs.
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Figure 7. Space-time diagram for PROFINET
(100Mbps) using the slipstream-effect
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Because of the increased bit rate the delay to for-
warding data is divided by the factor 10. The clock-
rate of a gigabit switch exceeds the Fast Ethernet
clockrate by the factor 5. Because of the increased
clockrate, the forwarding logic should also gain a
speedup. Under the given conditions the forwarding
delay tpy,_fwq in a gigabit network is set to 0.6 us.

e only minimum sized frames are considered.

o the length of a copper-based segment between two
devices is set to 50 meters. This leads to a medium
delay of t,edium = 227ns.

Figure 8 presents the same configuration as figure 7, but
with a bit rate of 1 Gbps. Because of the raised bit rate
the time for sending all frames is reduced by the factor 10.
By reducing tf-qme, a new bottleneck appears. Figure
8 shows that the bottleneck is caused by the forwarding
delay ty,,_rwa and the medium delay ¢,,cdium now. The
maximum gain of an increased bit rate is reached, when
tmedium + tpn_fwd is E‘fqual to tframe~

The analysis of EtherCAT, by using a bitrate of 100
Mbps and 1 Gbps, is based on the following assumptions:

o the forwarding delay tccqt_fwq in an EtherCAT de-
vice is given by the PHY's (forward and reverse chan-
nel). Additionally, a delay for the forwarding logic of
the downstream channel, and a delay for the forward-
ing logic of the upstream channel were assumed. The
sum of the delays build up the forwarding delay of
EtherCAT in a fast Ethenet network. It consists of
1.35 ps. By using a gigabit network, EtherCAT also
gains a performance benefit of the modern technol-
ogy. Thus the forwarding delay of EtherCAT in a
gigabit network is decreased to 0.85us.

o the length of a copper-based segment between two
devices is set to 50 meters. Because of the used for-
ward and reverse channel the delay caused by the
medium has to be counted twice. This leads to a
medium delay of ¢,,eqium = 454ns.

o for better system diagnosis the number of EtherCAT
telegrams per frame is set to k = =dgiiecs
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Figure 8. Space-Time Diagram for

PROFINET with a bit rate of 1Gbps

Figure 9 and Figure 10 shows the real time data transfer
using EtherCAT. It can be concluded that EtherCAT does
not profit as strongly from the increase of the bit rate as
PROFINET.
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4.2 Analysis of EtherCAT’s and PROFINET’s Per-
formance

Firstly we calculate the minimum cycle time as a func-
tion of the number of devices. Figure 11 shows the min-
imum cycle time of EtherCAT and PROFINET, using a
Fast Ethernet network. The number of devices solely ef-
fect the minimum cycle time in a linear function. Using
a Fast Ethernet network EtherCAT inhibits a significant
performance advantage in comparison to PROFINET. Fig-
ure 12 presents the minimal cycle time of EtherCAT and
PROFINET in a gigabit network. Comparing figures 11
and 12, you see that EtherCAT profits less strongly from
increasing the bit rate than PROFINET. Both systems are
unable to convert the increase of the bit rate to an appro-
priate reduction of cycle time. The reason for this is, that
an increasing bit rate has an influence on the data trans-
fer time but not on the medium delay and the forwarding
delay.

Figure 13 shows a diagram, which compares the cycle
times of EtherCAT and PROFINET as a function of the
payload per device. We assume a moderatly sized net-
work with 50 devices connected through Fast Ethernet.
The figure shows, that EtherCAT receives a magnificent
performance gain for small payloads per device. The rea-
son for this is, that PROFINET demands at least a mini-
mum sized frame of 64 bytes. If the payload per device
exceeds 36 bytes, this lack of PROFINET is compensated
(36 bytes payload + 28 bytes overhead). The small skips
in the curve of EtherCAT find their cause in the fact that
with higher payloads per device further frames are nec-
essary. Figure 14 shows the same scenario as in Figure
13 using Gigabit Ethernet. The maximum performance
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of PROFINET in comparison to EtherCAT is reached at a
payload of 55 bytes per device. This value represents the
point, where the bottleneck moves from the propagation
time ¢y, _fwd + tmedium to the frame transfer time ¢ ¢yqme.
This point can be calculated by equate (8) and (9), where
« is zero. The following equation shows the result of the
conversion to tgutq -

tmedium +tpn_fwd—(tpn_ovttethernet)
1— 1

tdata -

Mdevices

(10)

tpn_ovttethernet —(bmedium ttpn_fwd)

+ l_nd(:"u'fe ;

Ndevices
In order to calculate the optimum payload dopt, tgare must
be multiplied with the used bit rate b:
(11)

dopt = tdata * b

Figure 15 shows an analysis, which compares EtherCAT
and PROFINET depending on the given bit rate. The op-
timal bit rate b,,; of PROFINET is given when o equals

zero. In the following calculations t .4y is replaced by:

dframe :
tframe = —L5<. After the conversion of ¢f,qme equa-

tions (8) and (9) have to be equated and converted to b.
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With the given delays, the optimal bit rate for
PROFINET is reached at 813 Mbps. An additional in-
crease of the bit rate does not have a perceivable influence
on the performance of PROFINET.

5. Conclusions

Today high performance networks in industrial au-
tomation systems offer cycle times of below 1 millisec-
ond. Typical representatives of this class of Industrial Eth-
ernet protocols are EtherCAT and PROFINET. Both sys-
tems are using different technological approaches to ful-
fill the named requirements. EtherCAT uses a summation
frame approach, while PROFINET uses a message-related
approach with individual frames for every device. In re-
gard of further decrease of the cycle time of future indus-
trial communication systems, the usage of gigabit Ether-
net is discussed as a reasonable solution. This paper tries
to give an answer to the question how the cycle time of
Industrial Ethernet protocols can profit of increasing the
bit rate to 1 Gbps with a focus on line topologies.

The two most important parameters are the propaga-
tion delay through the line topology and the data transfer
time. The propagation delay consists of a time component
for forwarding a frame and the medium delay. It is inde-
pendent to the amount of data, which must be exchanged
between the involved devices. The data transfer time de-
pends on the necessary number of frames and its payload
sizes as well as the used wire speed. With exception of the
medium delay, these parameters are specified directly by
the used architecture of the particular Industrial Ethernet
protocol.

Our analysis shows, that EtherCAT is twice as fast as
PROFINET when using small payload sizes and the line
topology. However it must be noticed, that a line topol-
ogy represents a best case situation for EtherCAT. In real
plants more complex wiring structures with branches are
required. These structures are shifting the performance
quickly in favour of PROFINET.

Due to the summation frame approach, which has to go
through all nodes of the network twice, EtherCAT can not
profit significantly from increasing the bit rate from 100
Mbps to 1 Gbps. However the cycle time of PROFINET
can be reduced by the factor 8.13 in a line topology. Thus
PROFINET becomes 50% faster than EtherCAT when us-
ing Gigabit Ethernet.

Reliability is another important requirement of real-
time communication. A summation frame traveling to all
stations twice (as done by EtherCAT) is much more sub-
ject to transmission errors than individual frames forward-
ing directly (PROFINET principle).

Because of these benchmarks, it seems that a message-
related principle (e.g. PROFINET) is more suitable than
a purly summation-frame (e.g. EtherCAT) orientated sys-
tem.

The presented results express the necessity of new con-
cepts for efficient utilisation of higher bit rates in order to

decrease cycle times of future networks.
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