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Executive Summary

Energy efficient Ethernet switches can provide significant global savings in elec-
tricity consumption. The IEEE 802.3az task force (Energy Efficient Ethernet) is ex-
ploring methods for scaling Ethernet link rate as a function of utilization to save
energy. IEEE 802.3az is studying methods that require both end points of an
Ethernet link to implement new mechanisms and policies, thus these methods
cannot achieve energy savings with existing Ethernet devices. In this white pa-
per, a new backwards compatible method for achieving energy savings in
Ethernet switches is designed, emulated, and evaluated. This new method is
called PAUSE Power Cycle (PPC). PPC uses 802.3 PAUSE flow control to cycle
Ethernet links between ON and OFF (PAUSEd) states. Major energy savings can be
achieved if electrical components are powered-off during the times the link is
OFF. Preliminary experimental results show that PPC with a cycle time of 50 ms
ON and 50 ms OFF has little or no perceivable effects to users of popular Internet
applications such as web browsing, file downloading, real-time video, and play-
back video (e.g., YouTube). Estimates show that energy savings in the range of
$132 million dollars per year in the U.S. can be achieved if PPC is adopted.

Introduction

Because of economic and environmental reasons, reducing the energy consump-
tion of IT equipment and other devices connected to the Internet has become a
major issue. Most IT equipment is left powered-on 24/7 to provide full and fast
connectivity to users. As of 2000, there were approximately 95,000 Ethernet
switches deployed in the U.S. alone consuming approximately 3.2 Terawatt hours
of electricity [6]. It is well recognized that the vast majority of the links in LAN
switches operate at much lower levels of utilization than their data rate [7]. Sev-
eral consortium-level initiatives are now underway to reduce energy use of IT
equipment [13, 15]. Standards initiatives for reducing energy used by networks
include IEEE 802.3az Energy Efficient Ethernet [10]. The Ethernet Alliance played
a major role in kicking off the EEE effort with the publication of a White Paper on
Adaptive Link Rate [9]. In the commercial arena, D-Link is now offering “Green
Ethernet” switches that use variable link power as a function of link length and
turn off unused ports [14].
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The IEEE 802.3az Energy Efficient Ethernet task force is now considering Active/
Idle Toggling with Low Power Ildle as a means to save energy [11, 12]. The princi-
ple behind Active/Idle Toggling is to transmit data as fast as possible and then
return to a low power-idle mode. The low-power idle mode consumes minimal
power, and during the periods of time in this mode unused circuits are powered
off, thus saving energy. IEEE 802.3az also has previously considered Rapid PHY
Selection (RPS) as a means of matching data rate with link utilization. RPS was
first proposed by Gunaratne and Christensen as Adaptive Link Rate (ALR) [1]. RPS
defines a mechanism for switching a link data rate between two Ethernet de-
vices. However, both Active/ldle Toggling and RPS require major changes in the
hardware of existing Ethernet devices. Thus, possible energy savings are limited
to future Ethernet devices that implement RPS or Active/ldle Toggling mecha-
nisms and policies. In contrast, the PAUSE Power Cycle (PPC) method presented
here is a new method that is completely backwards compatible with existing
Ethernet devices.

The rest of this white paper is organized as follows. Section 2 describes the PPC
method. Section 2.3 describes the estimated energy savings. Sections 3 and 4 de-
scribe the evaluation and experimental results. Section 5 describes related work,
and section 6 presents conclusions and future work.

2. PAUSE Power Cycle (PPC) - Method
Description

PPC is a new method where a LAN switch periodically pauses all active links
connected to it and powers off during the times the links are paused. Using IEEE
802.3 PAUSE flow control [8] an Ethernet link can be paused for a specified pe-
riod of time (i.e., no packets flow on the downstream link of the PAUSE frame
sender). It is during the periods in which the links are paused that components
in the LAN switch such as PHY, MAC, and interconnects can be powered off,
thus allowing for energy savings. The feasibility of implementing PPC, and gain-
ing energy savings from it, are partially motivated from a previous work by
Singh and Gupta in LAN switch power management [4], and Rapid PHY Selection
(RPS) [1].

PAUSE Power Cycle www.ethernetalliance.org April 2008 - Version 1.0



Ca

ethernet alliance Page 3

Edge router

Packet loss is
possible here

UUUUUUUUU

During PAUSE off time
LAN switch powers down

BP RRLU 000U

Figure 1— PAUSE Power Cycle (PPG) in a LAN Switch

Figure 1 depicts the proposed PPC method implemented in a LAN switch. Figure 1
shows PAUSE frames being sent on the Ethernet links by the switch to all the de-
vices connected to it. PPC defines two link states:

e ON (link is not paused)
e OFF (link is paused)

In the ON state the link is fully operational, and in the OFF state the downstream
interface of the link is paused and no packets can be received on the link.

The PPC method offers a trade-off between performance and energy savings. By
periodically pausing the links and powering-off electronic components, major en-
ergy savings can be achieved but packet loss may occur due to buffer overflow. In
this preliminary work it is shown that although there might be packet loss due to
PPC, the overall user experience is not affected and high energy savings are
achievable.

2.1 The PPC Finite State Machine (FSM)

PPC can be described by a finite state machine (FSM). In the FSM of Figure 2 the
text above the arrow represents the necessary condition to trigger a state tran-
sition. The text below the arrow represents the action taken upon a state tran-
sition. Two states are defined:

e ON: link fully operational
e OFF: link paused
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Figure 2— Finite State Machine (FSM) for PAUSE Power-Cycle

Two timers are defined:

e TON: counts time in the ON state
e TOFF: counts time in the OFF state

Two time values are defined:

e t,,: amount of time to stay in the ON state
e T, amount of time to stay in the OFF state

The t,, and ty¢ time values can be set by the user as part of an initial switch con-
figuration set-up.

When the switch is powered-on, the timers TON and TOFF are set to the preset
time values t,, and t.s. After presetting the timer values the switch starts the
TON timer. When the TON timer expires the switch sends PAUSE frames (with
pause time equal to t.f) on all its interfaces to stop all incoming traffic. The
switch then transitions to the OFF state. While in the OFF state the switch starts
the TOFF timer and powers-off components (PHY, MAC, interconnects). When the
TOFF timer expires the switch is powered-on, the links are no longer paused, and
the switch is back in the ON state. Once back in the ON state the TON timer is
again started and the same procedure is repeated. By using IEEE 802.3 flow con-
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trol to cycle an Ethernet link between ON and OFF states a lower effec-
tive data rate is achieved. Since PPC offers the user the ability to set the
ton and toss values, any desired trade-off between performance and energy
savings can be achieved.

2.2 Setting the t,, and ty¢ Values

The values of t,, and t.; determine the duty cycle of the Ethernet links
connected to the switch. Duty cycle is

t

on

bon Tl

(1)

t =t t
Thus, for a 50% duty cycle ™ " . For predefined D and " the bon
value is,

_ D'toff

ton -
1—D . (2)

The values of t,, and t. are set by the user as an initial configuration
step, or could be adaptively set based on utilization. An example of how
to adaptively set these values based on utilization is the following: if a
switch powers on and no packets are queued for transmission, then the
next t,, could be shorter in duration and the next t.+ could be longer in
duration. Conversely, if packets are found to be queued, then the next t,,
could be longer in duration while the ty could be shorter. An adaptive
PPC is not discussed here as it is part of a future work.

2.3 Estimated energy savings with PPC

The energy savings achievable with PPC are directly related to the duty
cycle and the data rate of the links in a switch. For instance, if PPC is
used with a duty cycle of 50%, then the energy reduction of a switch is
equal to half the energy needed to power all its link interfaces at the
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given data rate. Thus, using the estimates from [6] for the year 2000, if all
of the Ethernet switches deployed were to work at 50% duty cycle, the an-
nual energy consumption of LAN switches would be reduced to 1.65 Ter-
awatt hours. Taking into account that 1 Kilowatt-hour is approximately 8
cents; savings of about of $132 million dollars per year could be achieved in
the U.S. alone.

3. PPC Emulation and Experimental
Evaluation

The PPC method was emulated and experimentally evaluated. A test bed
consisting of five PCs, an IP-Camera, and a repeater was constructed. Fig-
ure 3 shows the test bed configuration. In this test bed the PC labeled
“PAUSE Controller” sends PAUSE frames and the repeater propagates
them on all other interfaces, thereby emulating a LAN switch which im-
plements PPC. Emulation was used since it is not readily possible to mod-
ify a LAN switch to implement the PPC method. With the PAUSE Controller
it was possible to vary the ty (time that the link is in the OFF state per
cycle) and t,, (time that the link is in the ON state per cycle), and thus
the link duty cycle. In Figure 3, Q is equal to the t,+ time, and it corre-
sponds to the quantum (pause time) in the PAUSE frame which is sent to
initiate each off period.

The video device used in the test bed was an IP-Camera with a maximum

frame rate of 10 images per second. All Ethernet links in the test bed
were full duplex 100 Mb/s links.

PAUSE Power Cycle www.ethernetalliance.org April 2008 - Version 1.0



ethernet alliance Page 7

VN

--------------- -»(( Internet —
Web surfing { i' S PC3
i

Edge Router

OQuuoooouecTy

+ PC1 PC2

l | ¢ Filedownload | . .,l B
Repeater (Hub) ==
5 IP Camera
! S,
{ Real-time video | | '
Trace tool PAUSE Controller
CREI

™~

PAUSE frames

Figure 3 — Test bed of emulated PAUSE power cycle

3.1 Description of Experiments

In order to evaluate the effects of the PPC method on different users of
popular Internet applications, a series of experiments were performed. A
total of seven test subjects participated in these experiments, and they
were all fellow students at the University of South Florida. The experi-
ments were designed to test the user annoyance level caused by PPC con-
trolling the Ethernet link. In the context of this white paper, the user an-
noyance level is a quantifiable measure that describes the user-perceived
quality in the speed of the Ethernet link while it was being controlled by
PPC. After each experiment the user annoyance level was measured using
a Mean Opinion Score (MOS) scale as follows: (1) bad, (2) poor, (3) fair,
(4) good, and (5) excellent. The higher the score, the less annoyed the
user was. MOS is the arithmetic mean of the individual scores ranging
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from 1 (poor) to 5 (excellent), and it provides a numerical indication of
the perceived quality of the Ethernet link. The following experiments
were defined

= Web browsing experiment - test subject freely browses the Internet.
» File download experiment - test subject downloads a 512-MB file.

» Real-time video experiment - User watches a real-time video of two
subjects walking in front of an IP-Camera. This is a simulation of a
video-conference setting.

e Playback video experiment - User watches a play-back videos (e.g., You-
Tube videos)

For each experiment the test subject used PC1 (shown in Figure 3). During
each experiment the PAUSE controller (shown in Figure 3) was used to ap-
ply the different settings that are described in section 3.2. All settings
were applied in a complete random manner.

3.2 Experiment Settings

The control variables for all the experiments were ty; and the duty cycle. In each
experiment the following t.s settings were used: 0 (base case), 300, 100, and 50
milliseconds. Two different settings for the duty cycle were used: 50% and 30%
(representing 50 Mb/s and 30 Mb/s PPC data rate). Table 1 summarizes these

settings.
Duty Cwcle &0 % 30 %
Data Rate &0 Mhis 30 Mhb/s
PPC ton (Ms) |ty (ms) | £, (ms) | i,y (ms)

Parameter
Setting 1 50 50 22 a0
Setting 2 100 100 43 1040
Setting 3 300 200 129 300

PAUSE Power Cycle

Table 1— Experiment Settings

www.ethernetalliance.org
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The response variables were the link throughput or effective data rate of
a data transfer application on the PPC controlled link, and the annoyance
level as perceived by a human user when using typical applications on the
PPC controlled link. The value t,,was calculated as described in equation
(2). The link throughput was measured using the benchmark Netperf [16].
For each experiment the users started with the base case (no PPC) as this
gave them an idea of what the link speed was in the absence of PPC. Then
the PPC controller of Figure 3 was used to apply the three t.ssettings pre-
viously described in a complete random manner. The users did not know
what setting was being used by PPC during the each experiment run.

4. PPC Experimental Results

Figure 4 shows the averaged results (seven trials for each setting) for the
web browsing and file download experiments. Users gave the web brows-
ing experiment with the highest degree of granularity (50 ms of PAUSE
time) the highest rating. On the other hand, the web browsing experiment
where the PAUSE time was the largest (300 ms) received the worst rating
from the users.

c Web browsing File download
g 4
g 3 '
o
&
3 2 —h —
ﬂ 1 A ] o R | I S I | | - |

Setting 1 ! Sefting 2 ! Setting 3 ! Control ! Setting 1 ! Setting 2 ! Setting 3
Pausze time settings: (1) 50 ms, (2) 100 ms, (3) 300 ms

Figure 4 — Web browsing and File download results with PAUSE Power-Cycle
Even though in all three settings the data rate was the same, the 50 ms set-
ting spends less time in the OFF state. With the 300 ms setting users may

have experienced lower speeds while web browsing. Web sites with over 50
MB in pictures and graphics were slower to appear, indicating that there
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was a decrease in the speed of the link. In the case of the file download
experiment we see a slight change in the results. Even though with all
three settings the files took the same amount of time to download, users
perceived the experiment with the 100 ms of PAUSE time as performing
slightly better than the 50 ms setting.

(d}
Figure 5— Real time Video Snapshots with PPC

Figure 5 shows six snapshots taken during the real-time video experiment
with a duty cycle of 50% and a tu0f 300 milliseconds. It can be seen that
under this pause time setting the video images present minor artifacts
(sliced where the arrows point), Figures 5(a) and 5(f). This happens when
the speed and movement direction of the objects in the scene change rap-
idly. The other PPC settings did not produce any noticeable difference in
the quality of the video image when compared to the base case (no PPC).
In the play-back video experiment, there was no noticeable difference per-
ceived by the users. This can be explained because these videos are first
buffered locally and then played, thus the quality of the video remains the
same no matter what PPC setting is being applied to the link.
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5. Related Work

In recent years there has been a great deal of interest in reducing the en-
ergy consumption of the Internet and Ethernet devices. In [5], the exces-
sive energy use of the Internet was identified, and putting network inter-
faces, routers, and switches to sleep to save energy was proposed. How-
ever, it was also warned that some changes in the current protocols and
the architecture of the Internet would be needed to maximize energy sav-
ings. In [4], it was shown that during periods of low traffic activity sleep-
ing is feasible for saving energy in LAN switches, but it was suggested that
new topologies that allow more ports to sleep would be needed along
with hardware that supports sleeping to maximize energy savings and
minimize losses. In [3], a new algorithm called Dynamic Ethernet Link
Shutdown (DELS) was proposed. The algorithm makes a decision on
whether to shutdown a link transceiver circuitry based on buffer occu-
pancy, previous packet arrival times, and a maximum bounded delay.
However, it requires the introduction of new MAC frames in order to com-
municate to the other end of a link transition. Moreover, in order to avoid
the auto-negotiation and re-synchronization times in DELS, a modification
to the IEEE 802.3 standard is required. The IEEE 802.3az has previously
considered Rapid PHY Selection (RPS) as a mechanism for matching data
rate to link utilization, but it requires both sides of a link to implement
the same RPS mechanisms and policies. Most recently, the IEEE 802.3az is
considering Active/Idle Toggling as the method for achieving energy sav-
ings, but it may require extensive modifications to the switch hardware
and the introduction of a new PHY. In contrast, the PPC method described
here does not require the introduction of new MAC frames, thus avoiding
hardware reconfiguration; no changes in the topology or the architecture
of the Internet are needed, and can be used with existing Ethernet de-
vices already in the market.
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6. Conclusions and Future Work

Energy efficient Ethernet devices provide a great opportunity to signifi-
cantly reduce the electricity consumption of IT equipment and have a
global impact on energy savings. This white paper has presented a new
method - called PAUSE Power Cycle (PPC) - for reducing the power con-
sumption of Ethernet LAN switches. PPC uses the existing IEEE 802.3 PAUSE
flow control to stop incoming transmissions on an Ethernet link. PPC re-
duces the power consumption of a switch by powering off components in
the switch during the times the links are paused. PPC is a new method that
is fully compatible with existing Ethernet devices. The PPC method was
evaluated experimentally, and a test bed which emulates a real PPC
Ethernet LAN switch was built for this purpose. Preliminary experimental
results show that the PPC method has little effects on users of popular
Internet applications (web browsing, file downloading, and real-time
video). Given the large number of Ethernet switches deployed in the U.S.,
it is estimated that $132 million dollars in electrical energy can be saved in
the U.S. alone if 50% of these devices implement the PPC method. An adap-
tive PPC method that can adapt the duty cycle and t,+time based on utili-
zation is future work. Such a method could potentially increase energy sav-
ings while decreasing user annoyance.
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