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Abstract—Industrial Ethernet technology enables real-time re-
liable communications for industrial environments. One of its key
features is the use of Ethernet for the communication infrastruc-
ture. This provides a very cost-effective solution, as no commu-
nication infrastructure has to be designed ad hoc. In the last
years, the efficient use of energy in communications has become
an area of growing interest. This has triggered efforts that are
now underway to develop new standards, like Energy Efficient
Ethernet, with the aim of reducing the energy consumption. The
proposed changes to existing Ethernet standards allow setting
the links in low-power modes when there is little traffic. These
changes, introduced by Energy Efficient Ethernet, will have wide
implications for Industrial Ethernet. For example, the time needed
to enter or exit the low-power modes may be excessive for some in-
dustrial applications. The use of low-power modes will make hubs
less energy efficient than switches and may cause manufacturers
to abandon the production of these devices. In this paper, the im-
plications of Energy Efficient Ethernet on industrial environments
are analyzed, and different alternatives are proposed.

Index Terms—Energy efficiency, Industrial Ethernet.

I. INTRODUCTION

HE EFFICIENT use of energy in communications is a

growing concern for the industry. The massive amount
of communication devices that are used nowadays and their
expected growth have led to the conclusion that significant
energy can be saved by applying energy-efficiency concepts
in the design of communication systems. For example, in [1],
the energy consumption of communication equipment used
in the core of Internet was estimated to be over 6 TW -h
per year.

This massive amount of energy is a result of both the large
number of devices and also the lack of focus on energy effi-
ciency in their design. A good example of both is Ethernet.
There are hundreds of millions of installed Ethernet links, and
each of them consumes a substantial amount of energy when
active, even if there is no data being transmitted [2]. This leads
to a waste of energy estimated to be over 3 TW - h per year
[2]. The cause of this massive amount of energy waste is the
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Fig. 1. Powerlink reference communication model.

lack of energy-efficient criteria in the design of the Ethernet
standards, since the receivers and transmitters of a link are
forced to operate continuously even in the absence of data. This
is now being addressed by the IEEE 802.3az task force (Energy
Efficient Ethernet) that is set to complete a standard by 2010 to
introduce energy-efficiency enhancements to existing Ethernet
standards [3]. The proposed changes allow links to enter low-
power modes when there is no data to transmit. This reduces
the energy consumption substantially, as most links are lightly
loaded.

A number of alternatives have been proposed to implement
industrial networks [4]-[6]. However, the use of Ethernet in
real-time industrial environments has gained increased interest,
since it enables the reuse of existing hardware and avoids the
costly development of ad hoc systems. The issue of energy
savings in Industrial Ethernet has been previously discussed
in [7] where its importance was raised to the IEEE 802.3az
standardization process.

Although Ethernet was not originally designed to support
real-time communications [8], a number of techniques have
been proposed to adapt Ethernet so that it can be used in real-
time and industrial applications [9], [10]. The main issue is
to ensure that the tight delay constraints required by industrial
applications are met, since frame delay is not deterministic in
Ethernet. A number of studies have been performed to analyze
how the delay in different Ethernet network configurations can
affect industrial applications [11], [12]. Different approaches
have been proposed to adapt Ethernet to these applications,
in what is known as Industrial Ethernet [9]. In many of those
approaches, the transmission of the frames is coordinated from
a central node to avoid collisions and control the delay of the
frames. One of those efforts is Powerlink [13], which reuses
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the Ethernet infrastructure and provides real-time capabilities
by specifying how transmissions are done over the Ethernet
links. Through the rest of this paper, Powerlink will be used to
illustrate the impact of Energy Efficient Ethernet on Industrial
Ethernet. Although the implications will vary for other Indus-
trial Ethernet approaches, the study of Powerlink will serve to
illustrate the general implications. The objective of this paper
is to first analyze the implications of the adoption of Energy
Efficient Ethernet in Powerlink and to propose a number of
alternatives to make Powerlink more energy efficient while
preserving its real-time capabilities. In addition, the results
can also be used as the starting point for the analysis of the
implications of Energy Efficient Ethernet on other Industrial
Ethernet approaches.

The rest of this paper is structured as follows. In Section II,
the use that Powerlink makes of Ethernet links is reviewed.
Then, a brief description of the changes introduced by Energy
Efficient Ethernet is provided in Section III. In Section IV,
the implications of Energy Efficient Ethernet on Powerlink are
analyzed and different alternatives are presented to make an
effective use of the new standard while preserving the real-time
features of Powerlink. The proposed alternatives are illustrated
in Section V using a few case studies, and, finally, some
conclusions are presented in Section VI.

II. INDUSTRIAL ETHERNET: POWERLINK

In Powerlink, as in many Industrial Ethernet approaches, ex-
isting Ethernet physical layer and media access control (MAC)
devices are used as illustrated in Fig. 1. This has the benefits
of the low cost and wide availability of Ethernet devices and
components. By using these components, Powerlink can be
fully implemented using existing hardware and some additional
software. Additionally, as Ethernet is widely used in local
area networks (LANS), the interconnection of Powerlink and
computer LANS is straightforward.

To ensure real-time delivery of the frames, transmissions are
coordinated in such a way that only one station can transmit at
any given time, therefore avoiding collisions and subsequent
retransmissions. This is done by defining a Managing Node
(MN) and a group of Controlled Nodes (CN). The MN grants
permission to transmit frames to the CN that can only transmit
when they are given permission.

The transmission is organized in cycles, as shown in Fig. 2.
The first part of the cycle, called isochronous phase, is used
for real-time transmissions that are coordinated by the MN.
The MN sends requests to the different CNs, which send a
response back to the MN. The second part of the cycle, called
asynchronous phase, is used for nonreal-time data and is also
coordinated by the MN. Requests to transmit on this part of the
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cycle can be made in the responses to the MN during the first
part of the cycle, or in the second part upon invitation from the
MN. The MN keeps track of all pending requests and assigns
transmission times for the different CNs that have requested it
on the second part of the cycle. The cycle ends with an idle
phase during which no data transmission takes place.

During the isochronous phase, the request frames from the
MN are sent only to each CN, while the CN responses are
sent back to all the nodes. During the asynchronous phase, the
responses can be sent to one node or to all the nodes.

To ensure that frames are delivered in real time, the use of
hubs is preferred to switches, as the latter typically operate
using “store and forward,” thus introducing additional delay
[8]. Each station may incorporate a hub as illustrated in Fig. 3.

III. ENERGY EFFICIENT ETHERNET

The main idea behind the Energy Efficient Ethernet efforts is
to put the physical layer in a low-power mode when no data is
being transmitted. This has been shown to result in large poten-
tial energy savings, as links are normally lightly loaded [2]. A
number of alternatives can be used to implement the low-power
modes. The most obvious one is to reduce the speed of the link
when there is little traffic [2]. This can be achieved through
autonegotiation [8], which is already part of the IEEE 802.3
Ethernet standards. Autonegotiation is currently used when the
link is established to determine the link speed to be used, which
is normally the highest supported by both ends. However, it
could also be used by one of the ends to reduce the link speed
by restarting the autonegotiation process and advertising only
the lower speed to the other end. This will cause the link to
operate at that lower speed. However, that process takes from a
few hundred milliseconds to a few seconds, which is excessive
for many applications. Therefore, speed changes would have
an impact for the user. Other alternatives, like Rapid physical
layer device (PHY) Selection (RPS) [14], have been proposed
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to accelerate the speed change. In RPS, a frame exchange is
used to agree on a speed change with no need of restarting
the autonegotiation process, and, therefore, the decision on the
speed change can take place in a much shorter time. However,
there are two major drawbacks to the speed-change mechanism.
The first one is that the link has to be reestablished at the new
speed, which takes a few hundred milliseconds for some of the
standards. That time is needed to adjust all the elements in
the receivers, like, for example, equalizers, cancellers, timing
circuits, etc., to the channel conditions. Those elements are
different from one speed to the other, and, therefore, a change
in speed requires a new adjustment. During that time, the link
is down, and no traffic can be exchanged. This means that the
total time needed for a speed change is still in the hundreds of
milliseconds. The second drawback is that although reducing
the speed would decrease the energy consumption, we would
still have transmitters and receivers operating continuously,
only at a lower speed. In summary, we are mitigating the
problem with minimal changes to the existing standards.

Another alternative is to introduce changes in the standards
for the different speeds, so that they support low-power modes
that can put a device to sleep and wake it up very quickly (on
the order of microseconds) without a speed change. This is
the option chosen by the IEEE 802.3az Task Force, which has
analyzed the mechanisms to support low-power modes for the
different Ethernet speeds, like, for example, 100 Mb/s, 1 Gb/s,
and 10 Gb/s. In this case, the elements in the receiver are frozen
when the device enters the low-power mode. To wake it up,
only minor changes are expected to be needed, as the channel
is quite stable. Those updates in the receiver can be performed
in a few microseconds compared with the milliseconds that are
needed to establish a link. To ensure that the receiver elements
are aligned with the channel while in the low-power mode,
short periods of activity are periodically scheduled to refresh
the receiver state. As an example, the proposed state transitions
in the IEEE 802.3az draft [15] are illustrated in Fig. 4. The
different timer parameters are also specified in the draft for
100Base-TX, 1000Base-T, and 10GBase-T in terms of their
minimum and maximum allowed values. For example, wake-
up times on the orders of a few microseconds are supported
in those cases, which are much lower that those achieved by a
speed change. In addition, for 100 Mb/s and for 10 Gb/s, the
low-power mode defined in the standard draft can be selected
for only one of the link directions. This is useful when traffic
is asymmetric, as the link direction that actually has traffic can
be active, while the other direction is in low-power mode. This
feature will be useful in the case of Industrial Ethernet, as it will
be explained later.

The savings achieved by implementing the low-power modes
are substantial. For example, in [16], the savings for a 100Base-
TX device were shown to be over 75% of the total power when
the PHY is in the low-power mode compared with the active
state.

The energy consumption of an Ethernet link is currently
roughly proportional to the time that the link is established. For
example, for a link in which one of its ends is a PC, it would
normally correspond to the time that the PC is active. In an
industrial application, the link would be established when the
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TABLE 1
POWER CONSUMPTION FOR PHYS AND LINKS
PHY Link
100-Base-TX 250mW 500mW
1000-BaseT 700mW 1.4 Watts
10G-BaseT 6 Watts 12 Watts

system is in operation. In many cases, industrial applications
operate continuously (or for long periods of time) leading to
significant energy consumption. The other factor is link speed,
since consumption is larger for higher speeds. For example,
consumption for a 1-Gb/s link can be on the range of 1 to
2 W, while for 10 Gb/s, the range is one order of magnitude
larger. More details are shown on Table I. The figures presented
are given as an indication of the consumption of PHYs for
the different speeds, as these figures will vary for different
manufacturers and device technology. A link is composed of
two PHYs, and, therefore, the energy consumption is twice that
of a PHY. The consumption of the MAC and other Ethernet
elements is not considered in Table 1.

Currently, Powerlink uses half-duplex 100Base-TX, and,
therefore, the consumption of the link would be around
500 mW. When other speeds like 1 or 10 Gb/s are used, the
consumption will increase significantly. Another key factor is
that for 100Base-TX, the Energy Efficient Ethernet standard
allows, for each link, direction to enter the low-power mode
independently, a feature that will be very useful to obtain energy
savings.

Once Energy Efficient Ethernet is adopted, the energy con-
sumption of an Ethernet link will depend on whether the link
is in a low-power mode or not. For a normal Ethernet link, the
exact time a link stays in low-power mode will depend on the
arrival times of the data frames and the algorithm used to enter
low-power mode. For many Industrial Ethernet systems in gen-
eral, and for Powerlink in particular, the situation is different,
since the scheduling of the transmissions is determined by the
cycle structure, as discussed in the previous section.

IV. IMPLICATIONS FOR INDUSTRIAL ETHERNET

When Energy Efficient Ethernet is adopted, the different
pieces of Ethernet equipment will probably manage their de-
cisions on when to enter in a low-power mode. Given the
structure of the Powerlink cycle, some devices may enter a low-
power mode during the idle phase of the cycle. Assuming, as
an example, that all nodes enter a low-power mode, then, at the
beginning of the next cycle, the links would have to be awake.
This would introduce a delay. For example, in 100Base-TX, it
takes tens of microseconds to wake up a link. The additional
delay may cause a slot-time exceeded error in Powerlink, as
the MN has a time out to get a response. The problem is that
this issue may occur at the beginning of each new cycle, as
the Ethernet device is unaware of the Powerlink constraints.
A number of alternatives can be used to avoid this potential
problem. The first is to add this delay to the timer values so
that there is no time out. This obviously reduces the available
time for data transfers, as each slot can have a longer duration.
The second one is to configure all Ethernet devices with Energy
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Efficient Ethernet disabled in such a way that low-power modes
are never used. This is a drastic solution that ensures that
Powerlink will operate normally but without any improvement
in energy efficiency. The third option is to have Powerlink
control when devices enter and exit low-power modes. This
could combine energy savings with the real-time constraints
needed for Powerlink operation. This latter option is analyzed
in more detail in the following.

A. General Case Operation

Given the structure of the Powerlink cycle, a simple way to
manage the links would be for all nodes to enter the low-power
mode at the beginning of the idle phase and then wake up in the
final part of that phase. In this way, the link is active just before
the start of the new cycle. The savings that can be achieved
with this strategy will largely depend on the duration of the idle
phase with respect to the cycle time and also to the time needed
to sleep and wake up a link. Let us define 7 as the total cycle
time, Tiq as the time of the idle phase of the cycle, T as the time
needed to set a link in low-power mode, and 73, as the time to
put it back into active mode. Then, the percentage of the time
that the link is in low-power mode can be calculated as

/I’id_Ts_Tw

T (M

all =
That means that the link is in low-power mode for the
duration of the idle phase minus the time needed to sleep and
wake up a link, as illustrated in Fig. 5. From (1), it can be seen
that the savings will be larger if Tiq > Ts + T, which is true if
large cycle times are used. The use of large cycle times has the
drawback of increasing the worst case delay needed to transmit
a frame. Therefore, the real-time requirements of the system
being designed will dictate the maximum cycle time to be used.
To minimize energy consumption, that maximum value should
be utilized, since the use of lower values will increase energy
consumption.
Additionally, as in some cases (100 Mb/s and 10 Gb/s), link
directions can enter the low-power mode independently; the CN

NN

<>
Ts Tlp Tw
Tid

to MN direction can be put to sleep except for the time needed
to send the responses or asynchronous traffic. This option will
be explored in Section IV-E.

B. Operation of Nodes That Do Not Work in
Asynchronous Mode

In the previous analysis, the duration of the idle phase has
been assumed to be constant. In reality, that is not the case. The
idle phase extends from the end of the asynchronous phase to
the end of the cycle, and the duration of the asynchronous phase
depends on whether there are requests to transmit on that phase
or if the MN has to poll any CN that operates on asynchronous-
mode only. The asynchronous phase ends when all those trans-
missions are completed. To maximize the duration of the idle
phase, the frequency of the polling done on the CNs working
only in asynchronous mode should be minimized. Again, the
system requirements will dictate a minimum polling frequency,
and that should be used in order to obtain larger energy savings.

For some of the CNs, it may be possible to be in low-power
mode for longer periods of time. For example, CNs that are
not involved in a given asynchronous phase can enter the low-
power mode at the end of the isochronous phase, as shown in
Fig. 6. In fact, a CN that communicates only with the MN can
be in low-power mode from the time it sends its response to a
query from the MN until the end of that cycle. When the CN is
not involved in the asynchronous phase, the percentage of time
in low-power mode is given by

Ta + Tid - Ts — Tw

Qna = Tc (2)

where T, is the duration of the asynchronous phase.

C. Operation of Nodes That Only Work in Asynchronous Mode

For CNs that operate in the asynchronous-only mode, the
time in low-power mode can extend from the end of the
asynchronous phase of a given cycle to the beginning of the
asynchronous phase on the next cycle, as illustrated in Fig. 7.
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In this case, the percentage of time in low-power mode is
given by

_Ti+71id_Ts_Tw

T 3)

aao

where T; is the duration of the isochronous phase.

D. Operation of Nodes That Use Multiplexed Timeslots

For CNs that use multiplexed timeslots (i.e., they receive re-
quests from the MN one out of k cycles and not for every cycle),
the time in low-power mode can extend up to & — 1 cycles, as
illustrated in Fig. 8. That is possible when the CN does not have
to receive data from other CNs during the asynchronous phase
and is not involved in CN to CN data transmission during the
isochronous phase. CN to CN traffic is known as cross traffic
and is based on the fact that the CN to MN responses are sent
to all CNs and not only to the MN. Whether a given CN is
involved in cross traffic can be determined by its RxMapping
configuration. If a given CN is involved in cross traffic, then it
must be active on every cycle to receive data from other CNs.
This will be illustrated in one of the case studies presented in
Section V. For those CNs, it may be more beneficial to use the

approach presented in the next section to manage link directions
independently.

When the CN is not involved in cross traffic, the percentage
of time in low-power mode for all CNs that operate with
multiplexed timeslot is given by

amt_(k_l)'Tc Tid_Ts_Tw
AT kT, k-T.
(k‘—l) Qall
= . 4
Tt 4)

Additionally, when a CN is either asynchronous only or does
not use the asynchronous mode, the percentages of time in low-
power mode are obtained by using the « for that mode

mt_(k_]')'TC CZ—‘i'i_crid_,ljs_T‘w

Yao = T kT,
_ (k;l) n aI:O )
o =T TatTa-T,-T,
me =T, kT,
=(k;1)+0‘];‘a. ©)
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Fig.9. Time in low-power mode in the CN to MN direction (7j,,) for CNs that only transmit during the isochronous phase.

E. Operation of Nodes by Managing Link
Directions Independently

As mentioned before, for 100Base-TX and 10Gbase-T, it is
possible for each link direction to enter the low-power mode
independently. This feature can be very useful in Powerlink.
For example, for a CN that uses multiplexed timeslots and is
involved in cross traffic from other CNs on each cycle, it is
possible to have the link slept for £ — 1 out of &k cycles in the
direction of the CN to the MN, while the MN to CN direction
is active during all cycles. Therefore, the savings mentioned in
Section IV-D [see (4)—(6)] can still be obtained in one of the
link directions.

In a general case, the CN to MN direction can be in low-
power mode except for the time needed to send the response to
the MN or the asynchronous traffic originating in that CN. For
a CN that is only involved in the isochronous phase, the time in
low-power mode can be expressed as

acn_to_mn _ Tc _ Ts - Tw - Tr
11 -
& T,

)

where 7, is the time needed to send the response to the
MN as illustrated in Fig. 9. This means that in most cases,
significant savings can be obtained in one direction. As the
power consumption would be approximately the same for each
link direction, the overall savings are still substantial. It is also
worth mentioning that as in 1000Base-T, it is not possible to
set the link directions in low-power mode independently; if the
Powerlink systems are upgraded to use 1000Base-T, then the
savings considered in this section would not be obtained. This
means that in many cases, the energy efficiency would degrade
by using 1000Base-T.

FE Energy Savings

Finally, the energy savings as a percentage of the energy
consumption when Energy Efficient Ethernet is not used will
be given, in all cases, by

1704~Plp—|—(1—a)-Pn
P,

where P, is the power consumption in low-power mode, P, is
the power consumption in normal mode, and « is the fraction
of time in low-power operation (which is different depending
on each of the previous scenarios).

Savings (%) =
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Fig. 10. Percentage of energy savings: multiplexed versus nonmultiplexed
scenarios.

From the previous discussion, it becomes clear that CNs
should use multiplexed timeslots whenever possible, as that
enables larger energy savings (at least, in the CN to MN
direction). The percentage of savings with respect to the non-
multiplexed scenario can be seen in Fig. 10. Significant savings
can be achieved with low values of & (number of multiplexed
timeslots), particularly when the use of the low-power mode in
the nonmultiplexed approach is reduced. If, for example, the
nonmultiplexed case is operating in low-power mode (k = 1)
during 10% of the time (o = 0.1), it can be seen that the energy
savings is slightly less than 10% (with respect to the case of
active power mode). However, if the system is multiplexed to
k = 10, it can be seen that the savings are boosted over 80%.

On the contrary, if the low-power mode is active during 90%
of the time (av = 0.9) in the nonmultiplexed configuration, the
initial savings would already be over 80%. Thus, the effect of
multiplexing in this case would be less relevant.

The overall strategy should then be as follows: First, select
the largest possible cycle time that will be dictated by the
CN with the harder real-time constraints and, then, for all
other CNs, select multiplexed slot operation with the maximum
possible k.

In the next section, the proposed approach is applied to a few
typical Powerlink configurations showing the potential benefits.

Another implication of Energy Efficient Ethernet on Pow-
erlink, and, more generally, on Industrial Ethernet, is that
hubs will be less energy efficient since they broadcast the
frames on all ports, and, therefore, the links will spend less
time in low-power mode. This will reinforce the trend toward
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the use of switches and may mean that hubs will be seldom
used in the future. This may lead to a lack of availability of
commercial hubs and force the use of switches in Powerlink
systems. Therefore, the use of switches in Powerlink needs to
be studied to analyze how the real-time constraints can be met
by appropriately choosing and configuring these devices. The
use of switched Ethernet for factory communications has been
previously studied [17]-[20], and a number of alternatives have
been proposed to bound the delay and ensure that the tight
requirements of industrial applications are met. Those works
can be utilized as the starting point for the analysis of the use of
switches in Powerlink systems.

G. Application to Other Industrial Ethernet Technologies

The proposed ideas to achieve energy savings in Powerlink
can be, in principle, extended to other Industrial Ethernet tech-
nologies that are based on the same concept of synchronous
transmission coordinated by a CN. This is, for example, the
case of some of the real-time modes of operation of PROFINET
[21]. In those cases, the cycle structure should be carefully
studied to determine on which portions of the cycle the link
(or at least one link direction) can be set in low-power mode.

When transmissions are not organized in synchronized cy-
cles, as in the nonreal-time mode of operation of PROFINET,
the ideas presented are not applicable. In those cases, if the
constraints allow for some extra microseconds of delay, the
link can be in a low-power mode until a frame arrives. Upon
the frame arrival, the link is set in active mode, the frame is
transmitted, and the link is set back into the low-power mode.
This may be tolerated when the real-time constraints are not
very stringent. If that is not the case, then Energy Efficient
Ethernet should be disabled, and the link should always be in
the active state to avoid additional delays in frame transmission.

V. CASE STUDIES

Powerlink is used in a wide range of applications, from
systems that require high-performance motion to others that
perform data acquisition, and it is therefore difficult to asses
the potential benefits of the proposed approach. A few config-
urations are analyzed in this section to illustrate the benefits
in different environments that are typical in systems that use
Powerlink.

The first example is a five-axis motion system with five CNs
and a cycle time of 400 ps. This can correspond to a computer
numerical-controlled machine with three linear axes and two
rotational axes. In this case, there are no CNs operating on
multiplexed timeslots and no asynchronous-only CNs. There-
fore, the savings can be obtained using the idle periods and
possibly, the asynchronous phase. As the duration of the idle
and asynchronous phases is a fraction of the cycle time, and
the time needed to enter and exit the low-power mode is large
relative to the cycle time, the percentage of time in low-power
mode will be small. However, savings can still be obtained in
the CN to MN direction, as the CN only needs to be active to
send its response. Considering a response time of 20 us and a
time to sleep and wake up a link of 130 ps (as per the standard
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TABLE II
ENERGY SAVINGS FOR THE CASE STUDIES
Time in Low Time in Low Energy
Power Mode Power Mode | Savings
(Uplink) (Downlink)
Simple motion system 62% 0% 23%
Complex motion system 87% 0% 32%
Large I/O system 93% 93% 70%

draft [15] for 100Base-TX), the time in low-power mode would
be 62.5%, as shown in Table II. If, for example, the 100Base-
TX Ethernet is used, the energy savings in low-power mode can
be assumed to be 75% from the results in [16]. Then, the total
energy savings can be computed using (8), and, assuming that
50% of the energy is consumed in each link direction, savings
of over 23% would be obtained.

Therefore, in this system, it seems reasonable to manage
the link directions independently. In the MN to CN direction,
Energy Efficient Ethernet would not be used. To ensure that no
device enters a low-power mode and interferes with Powerlink
operation by adding additional delay (and possibly causing
timing errors), Energy Efficient Ethernet should be disabled in
all the devices for the MN to CN direction. In the CN to MN
direction, the link should enter the active mode only to send its
response, as shown in Fig. 9.

The second example is a coupled-axes motion system inte-
grated by 64 CNs, where the CNs operate on a multiplexed
timeslot with £ = 8. This could be a simplified model of a
printing machine. The cycle of the system is 400 wus. In this
case, it seems that the CNs can be in low-power mode seven
cycles out of eight, and using (4), the percentage of time in low-
power mode will be around 87%. This translates to large energy
savings. However, the coupled-axes motion system normally
requires that the multiplexed CNs listen to the responses of
the master axis on every cycle. Therefore, the link should be
active in all cycles in the direction of MN to CN. As discussed
in Section IV-E, when the link allows each link direction to
enter the low-power mode independently, then the CN to MN
direction can be put to sleep for seven cycles out of eight, and
large savings are achieved in one of the directions. Assuming
again that 100Base-TX is used, then the energy savings can be
obtained using (8), with a result of around 65% for the CN to
MN direction. Assuming that 50% of the power is consumed
in each direction, the overall savings would be over 32%. This
shows that the potential benefits are large when most CNs use
multiplexed timeslots. In this case, all Ethernet devices should
be controlled by the Powerlink software. The software should
set the devices in low-power mode in the CN to MN direction
after their active cycle and then set them back for normal
operation after k cycles, just before their next active cycle.

The final example is a large I/O system with 150 CNs and a
delay requirement of 16 ms. In this case, the CNs communicate
directly with the MN for data exchange. The system can be
configured with a cycle time of 1 ms and the CNs multiplexed
with £ = 16. Then, assuming that 100Base-TX Ethernet is used
as in the previous example, the devices will be in low-power
mode more that 93% of the time, and the energy savings will
reach 70%. Again, the Powerlink software should control the
Ethernet devices to put them in the low power and back into
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normal operation. In this case, it is more beneficial to use a
shorter cycle time and multiplexed timeslots. This is a special
situation, as all nodes have the same delay requirements (which
are large). In this case, the best option is to take advantage of
that large delay to use multiplexed timeslots with large values
of k. The results for the three scenarios can be seen in Table II,
where the times in low-power mode are given separately for
each link direction. Uplink corresponds to transmission from
the CN and downlink to reception at the CN.

As a summary, the proposed approach can result in large
energy savings for systems in which most of the nodes use
multiplexed timeslots and do not listen to cross traffic (case
study 3). When nodes are involved in cross traffic (case study 2)
or do not use multiplexed timeslots (case study 1), significant
savings can still be obtained by managing the link directions
independently.

The modifications to Powerlink to add the control on when
the devices enter and exit the low-power mode should be
simple, as the timing information of when the changes must
occur is already available, and the configuration of the Ethernet
devices is trivial.

VI. CONCLUSION

In this paper, the implications of the Energy Efficient Ether-
net standard on Industrial Ethernet systems have been analyzed
using Powerlink as a case study. A number of alternatives have
been proposed to enable the use of Energy Efficient Ethernet
in Powerlink systems. The proposed alternatives ensure that
the real-time requirements are met while maximizing energy
savings. To illustrate the potential benefits, a number of case
studies have been analyzed showing that in some cases, savings
of 70% can be obtained.

Future work will explore the implementation of the proposed
techniques once devices that implement the Energy Efficient
Ethernet standard are available. In addition, the implications for
other flavors of Industrial Ethernet will be considered based on
the analysis and results presented in this paper.
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