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Reducing the energy consumption of network equipment has been both driven by a need to
reduce the ecological footprint of the cloud as well as the immense energy costs of data
centers. As data centers, core networks and consequently, the cloud constantly increase in
size, their energy consumption should be mitigated. Ethernet, the most widely used access
network still remains the biggest communication technology used in core networks and
cloud infrastructures. The Energy-Efficient Ethernet or EEE standard introduced by IEEE
in 2010, aims to reduce the energy consumption of EEE ports by transitioning Ethernet
ports into a low power mode when traffic is not present. This research aims to assess the
benefits of deploying EEE and create a power consumption model for network switches
with and without EEE. Our measurements reveal that the energy savings from EEE are not
sufficiently significant in medium to small sized networks. However, energy savings are at
maximum when the network equipment have a lot of ports and traffic has large downtimes.
Hence, we believe that the best use case for EEE is in medium-large computer networks

where the equipment is very large and the traffic has a lot of downtime.
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1. Introduction

Ethernet, a technology first deployed in 1980 is the most widely used access network in the
world [29]. Although in recent years, the deployment of Ethernet has decreased in homes
at the expense of wifi, it still constitutes the main technology used in core networks and
cloud infrastructures like data centers. In 2010, in the US, data center energy consumption
was projected around 2.3% of the total country’s energy [3] with data center construction
worldwide estimated to grow by 9 percent each year for the next 5 upcoming years [49].
Almost a quarter of the energy consumption in these centers is caused by network
equipment [7] and with link speed expected to reach 200 Gbits/s soon [17], this energy
consumption will inevitably increase with time. This evident need in optimizing the energy
consumption of network equipment is further enhanced by the utilization rate of Ethernet
links. On desktops, the average utilization of Ethernet links is at max 5 percent while that
number is around 30 percent in data centers [5]. Consequently, for the past decade,
researchers have been developing algorithms to achieve an energy consumption of

Ethernet links that matches their utilizations rates.

The culmination of such research resulted in the standardization of EEE 802.03az in 2010
[8] by the IEEE task force. Energy-Efficient Ethernet or EEE aims to reduce the energy
consumption of network equipment by running the ports in a low power mode when no
transmission is imminent. The ports hence run in 2 different states, a normal state in which
the link consumes the usual amount of energy while transmitting information and another
low power mode aptly named Low Power Idle or LPI when traffic is absent. The standard
also details two transition phases Sleep and Wake-Up that details the time it takes for the
port to make a transition to each of the previously mentioned states. As a clarification, the
state of the ports on a network equipment is affected by EEE and not in the equipment
itself. The base energy consumption of a switch will not be affected by EEE, but this is

contrary for the energy consumed by a connected port. EEE as a standard also does not



detail when state transitions should occur but only details which mechanisms to be
employed to save energy. It is up to the manufacturer to decide when to trigger a state
change. Two mechanisms however, frame transmission (FTR) and burst transmission
(BTR), are the most employed [10] in EEE. With FTR, the Ethernet interface is activated
the moment a new packet arrives and the packet is then handled immediately.
Contrastingly with BTR, the newly arrived packet is added to a queue and the interface
switches to an active state once the queue is full. BTR allows packets coalescence within a

certain timeout in order to avoid waking the interface excessively.

Seven years after the standardization of EEE, this research aims to assess the benefits of
deploying EEE in the core network by profiling the energy consumption of an off-the-shelf
Cisco 2960-X with and without energy efficient protocol under different link speeds and

traffic throughput.

1.1 Background

EEE has different implementations for different link speeds [15][23]. For example, 100
Mbits/s and 10 Gbits/s links can be powered off even if the opposite side of the link does
not support EEE. It is sufficient for one side to detect a lack of traffic and invoke a sleep
instruction without checking with the other end of the link. However, with 1 Gbits/s links,
both ends of the link must agree before invoking the sleep instruction. Furthermore, state
transitions cannot be interrupted in 10 Gbits/s links. Hence, 100 Mbits/s and 10 Gbits/s
links can potentially yield higher energy saving on the expense of a potential delay in

delivery if one end make transitions to sleep mode while the other end sends traffic.

In EEE a link can have 4 different states [8]: Active, Low Power Idle, Sleep and Wake.



Active or A: The link in this state operates normally and consumes energy
normally. This is the default mode the switch operates in the event EEE is turned
off.

Sleep or S: This state is a transition state invoked when a link in state A does not
any incoming traffic. This state lasts for a finite duration denoted T,and its energy
consumption during this transition is equivalent to that of the A state.

Low Power Idle or LPI: The link operates in low energy mode, almost 10% of its
normal power. Energy savings from EEE are achieved when the link operates in
LPI. Hence, the longer the duration of LPI, the higher the energy savings are.

Wake or W: Is a transition state that transforms the state of a link from LPI to A.
This transition is never interrupted. This state lasts for a finite duration denoted by
T, and its energy consumption during this transition is equivalent to that of the A

state.

Research in the field of EEE has focused on maximizing the LPI duration in order to

maximize the energy savings in EEE. As mentioned in section 1, the mechanisms used to

trigger change of states in EEE are left to the manufacturers to implement. Two

mechanisms however, frame transmission (FTR) and burst transmission (BTR), are the

most employed [10] in EEE. The difference between the two can be best visualized in this

diagram:
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Fig. 1. An event line for Ethernet, frame transmission and

burst transmission of EEE

In normal legacy Ethernet, the idle phases consume an equal amount of energy as the
active periods. EEE aims to minimize the energy consumption of idle times with FTR and

BTR.

With FTR, the Ethernet interface is activated the moment a new packet arrives and the
packet is then handled immediately. Contrastingly with BTR, the newly arrived packet is
added to a queue and the interface switches to an active state once the queue is full. BTR
allows packets coalescence within a certain timeout in order to avoid waking the interface
excessively.

The nature of the BTR mechanism offers a great platform for researchers to work on.

Two variables play a role in BTR [9]:

e Buffer size: this dictates how many packets to hold in the switch before coalescing

them and releasing them as a burst.

e Timeout: Maximum time to keep the interface in LPI mode after the first packet is

added to the buffer.
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If the buffers fill out before the timeout, all packets in the buffer are released. Similarly, if
the buffer is not full and the timeout expires, the packets are also released. Tweaking these
two values yields many research opportunities with researchers attempting to maximize
LPI time. Increasing the buffer size without setting a timeout can lead to significant packet
delay since the equipment can wait infinitely for the buffer to fill up. On the other hand,

setting a timeout that is too short can lead to a decrease in potential energy savings.

1.2 Motivation

Ethernet still constitutes the main technology used in core networks and cloud
infrastructures like data centers. In 2010, in the US, data center energy consumption was
projected around 2.3% of the total country’s energy [3] with data center construction
worldwide estimated to grow by 9 percent each year for the next 5 upcoming years [49].
Almost a quarter of the energy consumption in these centers is caused by the network
equipment [7] and with link speeds expected to reach 200 Gbits/s soon [17], energy

consumption will inevitably increase with time.

As EEE is poised to help bring massive energy savings to core networks and data centers,
investigating the effects of this technology is crucial. Orange Telecom, the largest operator
in France and a collaborator on this paper is interested in assessing the economical and
environmental benefits that could be yielded by deploying EEE on their core networks. Be
it a small office, computer lab or a telecommunication company, this research can
demonstrate the benefits of EEE. Hence, network administrators could choose to either

upgrade their core networks with the new technology or choose not to do so.
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1.3 Problem definition

Seven years after the standardization of EEE, this research aims to assess the benefits of
deploying EEE in the core network by modelling the energy consumption of an
off-the-shelf Cisco 2960-X with and without energy efficient protocol under different link
speeds and traffic throughput. We first measure the power consumption of the switch
without EEE under different link speeds with 1 Gbits/s being the highest available
bandwidth. We then enable EEE and test it under different traffic throughput in order to
assess the improvement it is claimed to have over legacy Ethernet. We also compare EEE
to other energy saving mechanisms to better assess its benefits. We conclude the paper
with a critical reflection on the comparison of the current industrial state of EEE to the

current state of related research.

1.4 Delimitations

As 10Gbits/s links are still uncommon in commercial grade network equipment, no
measurement could be made for that bandwidth. Our work revolves around profiling and
modelling real equipment’s power consumption and consequently, decided not to use
network simulation software for the 10Gbits/s links. Similarly, all link speed above the

10Gbits/s threshold were not investigated on.

In order to confirm the linear regression model we have developed to power profile
network switches, each experiment is conducted 10 times. This repetition adds validity to
induction derived from the analyzed data. However, experiments for the 10 Mbps, 100
Mbps and Fiber optic links are not repeated. Be it 10Mbps, 100Mbps , 1Gbps or Fiber
optic links, the consumption of these ports is fixed and independent of incoming traffic.

Hence, we can measure one of these bandwidths 10 times and the others only a single time.
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1.5 Thesis structure

In section 2 of this paper, we will chronologically discuss related work that were done on
the subject.

In section 3, we will discuss the theories that underlie this research and explore how we
can approach this research in order to best solve the problem.

In section 4, we will delve into our implementation and how we practically implement a
solution for the problem defined in section 1.3

In section 5, we showcase the results we received from our experiments and evaluate them
in order to develop a power consumption model.

In section 6, we discuss our results, make deductions and try to compare them with the
results from the literature discussed in section 2.

In section 7, we conclude our results and discuss future work that could be done on this

topic.
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2. Related work

In 2010 after the standardization of EEE, researchers begin to find ways to maximize the
energy savings. This part of the research will go chronologically through the research done

on profiling the energy savings of EEE up until this work.

According to Reviriego et al. [9], using burst transmission on a 10 Gbits/s EEE link can
yield up to 80% energy reduction in certain situations. Due to queueing delay from packets
coalescence, these situations typically are not time sensitive such as file download or file
indexing on servers. However, it is important to note that the energy reduction was around
5% for video streaming and download where the packet delay can have significant impact

on quality of experience.

Kubo et al [11] propose a hybrid mechanism that combines LPI and adaptive link rate and
is aimed solely at 10 Gbits/s links. The idea is to sleep the switch when traffic is absent and
lower the link rate when link utilization is low. This hybrid mechanism manages a savings
up to 84% when traffic is absent and 63% when traffic is low. Similar work is done by
Reviriego et al [25] and Jin et al [27] and achieve very similar results. All works laud the

importance of combining the two techniques for better savings.

Also in 2010, Lee et al [13] propose a change to the MAC of optical network units in order
to incorporate the interface called Slotted Delivery Mode. The Slotted Delivery method
means that when the traffic is low, the interface only wakes up periodically to handle the
incoming and outgoing packets before going to sleep again. According to their simulations,

they manage to have a power saving of 96%.

Mostowfi et al. [16] reveal that setting the buffer size to 1000 packets and setting the

timeout for 100 ms result in an 80% decrease in energy consumption. Their work also
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takes into account the delay resulting from packet coalescence and estimates an average
packet delay of 50 ms under normal traffic load. They also note that sending traffic in
bursts does not add delay to packet delivery but offer lower energy savings than their
advertised 80%. It is also worth noting that the scenario used for their experiments is a file
download scenario. Similar work is done by Aksi¢ et al [36], in which they propose

different buffer and timeout values for different bandwidths.

Meng et al. [18] in 2013, propose a new EEE policy to take advantage of both frame and
burst transmission. The policy dictates the use of frame transmission when the traffic is
low, in order to avoid delay issues from burst transmission. On the other hand, when the
traffic is high, the policy proposes using a buffer and a timeout based system like seen in
previous researches. In the case where the traffic is medial, the policy recommends using a
buffer only system without the timeout in order to receive optimum results. It is worth

noting that this work has been accepted for publication in IEEE in march 2017.

These researches spark related work by Herreria-Alonso et al. [23] in 2012, where a model
of EEE is developed to help investigate the optimum values for buffer and timeout given
an energy consumption threshold denoted by ‘n’. This threshold represents the maximum
allowed energy consumption percentage over the ideal minimum. The optimum
configuration of variables with ‘n’ = 5%, results in a timeout of 120 us and a queue of
25.73 frames. According to their simulations, burst transmission with these performs better
than frame transmission in all traffic scenarios with no mention of the queueing delay

created as a result.

Reviriego et al [26] conduct a very similar research to ours, where they create a power
consumption model for small EEE enabled switches. The paper highlights that EEE
switches still consume similar amount of energy as legacy switches when no port is

connected. They attribute this fact to the hardware manufacturers not adapting the
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components to EEE and expect that energy consumption of future switches would be very
close to link utilization. Similar work is done later on by Paillassa et al [30] and
Rodriguez-Pérez [41], however both work has utilized simulations in ns-3 software instead

of real EEE switches.

Saranavan et al [32] attempt to assess the benefit of EEE in High-Performance computing
scenarios. They reveal that although EEE reduces the energy consumption of links by 70%,
the on/off transitions of EEE greatly hamper the overall energy savings of the system.
They report an overall energy increase of 15 % when using the default mechanisms of
EEE. Saravan et al subsequently suggest a “Power-Down Threshold” feature that keeps the
link on until a certain threshold is reached. With this technique, they report savings of
around 7.5 % on the overall energy consumption of the system as well as a reduction in the

on/off transition overhead from 25% to 2%.

Thaenchaikun et al [37] ‘s work suggests changes to the control plane in routers with two
main metrics names EAGER and CARE. Both mechanisms take in consideration traffic
and congestion and change link rates accordingly. They claim an energy saving that is

double to that of the default mechanism of EEE.

Mostowfi et al [43] in 2015, suggest having two low-power modes in EEE in order to
avoid the latencies from the on/off transitions. When traffic is low, EEE triggers the first
stage of sleep. This stage can be woken up much faster than the default LPI. When traffic
is absent after a certain threshold, a deeper sleep mode is activated. The energy
consumption of this mode matches that of LPI. Therefore, this model does not save as
much energy as the default model but instead improves the latencies and delays inherited
from EEE implementations. Herreria-Alonso [50] builds on top of this research by testing

the two low-power modes on simulations based on real traffic scenarios. They reveal that
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the first stage of sleep is useless in most of their scenarios and that Deep Sleep state is

preferred on the links instead of the two stage solution.

Finally, our work builds on top of the research done by Hossain et al [52] where they
profile the power consumption of ethernet switches using design of experiment. They
utilize the same switches we used for our switches, an older measurement technology and
without EEE. The work concludes with an energy consumption model of the switch with a
multitude of variables. Our work aims to add EEE to that power (and daily energy)

consumption model in order to reflect the current status of industrial switches.

Summary

Most of the related research is done on improving the benefits of EEE using burst
transmission. Research focuses on developing models using network simulations and
testing the models against real world traffic from internet sources. Although the research
presented here claims savings between 50 and 90 % on traditional ethernet, these models

are not used on real equipment in order to validate the results.

Another segment of the research presented suggests changes to existing EEE protocol in
order to maximize savings. Quite a few researchers suggest integrating EEE and link rate
adjustment into one mechanism. Changing link speed is the optimum solution for low
traffic times since it only slows the flow of traffic without stopping. Meanwhile, EEE can

be used in downtimes where no traffic is imminent.

Related research validates our approach which involves hands-on measurements with real
equipment as previous research on EEE is based on simulated networking scenarios.
Reviriego et al [26] have developed a linear model for energy consumption in switches.

Thus, we need a linear regression to model our measured data.
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3. UNDERLYING THEORIES

After examining the research on modelling the energy consumption of EEE it becomes
evident that almost all research creates a power model and then validates it through
network simulations. However, network simulators are not as reliable and accurate as
measurements taken from real network equipment. Therefore, for this research, we have
decided to obtain commercial grade network switches and test their energy consumption
against all possible parameters. These parameters include different bandwidths like 1Gbps,
100Mbps and 10Mbps as well as different energy savings algorithms such as EEE and
sleep / hibernation. If we gather enough data for each parameter, we can predict with a
degree of confidence the energy consumption of the switch with these parameters. The

testing of the switches should be sequential, rigorous and most importantly repetitive.

3.1 Unidirectional vs Bidirectional EEE

According to the EEE standard [8] , each EEE bandwidth has different implementation.
For example, 10 Gbps link are unidirectional while 1 Gbps links are bidirectional in nature.
What that entails is that a unidirectional link only needs to sense a lack of traffic on its own
end before deciding to trigger an LPI mode. However, bidirectional links need to agree on

both ends of the link on the lack of traffic before deciding to sleep.

Imagine two EEE capable PCs directly connected to each other by a cable. If the link is
10Gbps, each PC decides on its own when to sleep their respective ports. On the other
hand, if the link that connects the two is a 1 Gbps link, both PCs have to communicate

together on when to trigger sleep mode.

Moreover, transitions between sleep and wake cannot be interrupted in unidirectional links.
Therefore, if a packet arrives to the equipment while it is transitioning to sleep, the packet

has to wait for sleep to finish and wake to be consequently triggered. Depending on the
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network configuration and the sleep/ wake transition times, this packet could be dropped or

delayed.

On the other hand, bidirectionality entails longer delays in 1 Gbps links when attempting to
trigger sleep mode as both sides have to agree on when to trigger it. As the switches we us
for this research have a maximum bandwidth of 1Gbps, the EEE we test is bidirectional.
What that means for our experiments is that every equipment we need to be plugged in the

switch has to be EEE capable or else the interface reverts to legacy ethernet.

3.2 Modelling Power (and Energy) Consumption

Two main consumption models should be deduced from the measurements, a consumption
model with EEE and without EEE. Although different bandwidths are available to test
without EEE, their behavior is the same. Be it 10Mbps, 100Mbps, 1Gbps, or Fiber optic
links, the consumption of these ports is fixed and independent of the incoming traffic.
Therefore, we can measure one of these speeds 10 times and the others a single time. The
larger dataset is used to generate the model while the other datasets can be used to validate
the model. On the other hand, with EEE, the power (and energy) consumption of the port is
directly tied to the incoming traffic. The port operates in two modes: a low power LPI
mode and full higher consuming power mode. Both these configurations must be tested

each 10 times in order to accurately predict their behavior.

As EEE only changes the power consumption of the equipment’s ports, it is crucial for our
model to accurately describe this feature. We have to consequently focus our
measurements on the power consumption of ports and its relation to the total power
consumption of the equipment. The EEE model has to both reflect the impact the
technology on the ports and consequently, on the total consumption. Therefore, our

experiments should be able to isolate the power consumption resulting from each link.
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3.3 Linear Regression Analysis

Linear regression is the simplest and most commonly used prediction model. This type of
regression analysis is used to explain the behavior of one fixed variable against one or
more independent variables. The linearity of the predicted model can help shed light on the
accuracy of the model. The model can also pinpoint which of the independent variable

largely affect the dependent one.

The basic shape of a linear equation is one with only one fixed variable and another

unknown, independent variable. This basic linear model can be shown by this formula:
y=c¢+ b * X, where y = predicted value, ¢ = constant, b = regression coefficients, and

x = independent variable.

Beside showcasing the correlation between the different variables, regression models can
also be used to forecast trends in data. It can help answer our question about the
relationship between EEE and the power consumption of our switches. The power
consumption of single switch ports (number of switch ports is an independent variable) is

the dependent variable and could be forecasted using our model.

A main concern with regression analysis is the process of overfitting a model into the data
by taking into account multiple independent variables. An abundance of variables can lead

to inefficient models. The simplicity of the model developed is key to its efficiency.

Another concern would be the opposite, under fitting a model. This problem occurs when
models attempt to solve a dependence that does not exist. This problem can occur when the
independent variables does not affect the fixed variable. Therefore, a bias towards certain

aspects of the data can falsely lead the researcher to predict a presence of linearity.
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Summary

For this research, we need to collect data on power consumption of switch ports which will
provide data on the total power consumption of the switch. A multitude of measurements on
different link speed and different switch types will allow us to create a power consumption
model for EEE from this collected data. Moreover, as there is only one variable for port
power consumption without EEE, linear regression might be the most suitable prediction

model for the data collected.
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4. METHODOLOGY

In this section, we describe the tools and equipment we choose to use for our experiments.
We also decide on the proper experiments and architectures necessary to reach our

research goal.

4.1 Measurement Tools

In order to measure the power consumption of our switch as accurately as possible, we
used the PowerSpy2 by Alciom for all our measurements. By plugging the switch into

PowerSpy2, we are able to get real time data on the power consumption of the switch.

e —

The PowerSpy2 is a wall plug developed by Alciom in France that measures a myriad of
information about the plugged devices. The device uses bluetooth to communicate the data

to a special software that only runs on windows.

The biggest advantage of using PowerSpy is its ability to detect subtle changes in power
consumption. As we attempt to measure the power consumption of the ports, we need a
measuring device that can detect variations in mW. The PowerSpy2 is able to measure as
low as 10 mW with an accuracy of 1%. The device itself consumes 1 W which it

automatically removes from its measurements in order to present the most accurate data.
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The Alciom software displays information such as Voltage, Current and Power in real
time. It also uses these data to calculate the energy consumption of equipment. A multitude
of logging features are available as well as an ability to download all measured data in

excel format.

Three main functions of the software are: Real Time Power consumption (Fig.1 ), Power

Graph (Fig. 2) and statistics calculation (Fig. 3).
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Fig. 1 Real time measurement tab of Alciom software

We mainly focused on the Prms (W) section of this software as it shows us the current

power consumption of the device in real time.

24



Interface
COM port

Control

STOP| ARM TRF

Petiods count

_J—’m—

Scales
T r—
T P
I
Fiter [Low pass 2KHz |
Pre-trigger

—[F
Trigger conditions
W < Ums < 'WDDD[
m <lims ¢ m
w < Pims < m
0000000 ¢ ek ok |
,m < lpeak
Tie fnfa

W2 COME -

Stop | Single| Fun

Wawefoms | Measuements | Statistics | Transcient analysiz | Hamanic analysis | %4 graph  Eneray | Calbration |

PowerSpy V202 5% |

H Power (W)
3050

30454
30,404
30.354
30,30
30.25 4
30204
3015
30104
30054
30,004
299

5 T T T T T T T T T
4800 4850 4400 4850 5000 5050 5100 5150 5200 5250
Seconds

5300 5350 5400

B Energy (Wh), total = 45.475538 W

0 4850 4400 4850 5000 5050 5100 5150 5250
Seconds

5300 5350

Fig 2. Graphing Power Consumption tab of Alciom software

This tab will be displayed the most in this research because it provides a visual display of

the power consumption of the device. It can help us visualize trends such as sudden

increase or decrease in consumption. This feature of the software can also help detect

sudden anomalies or problems with the equipment. The top graph draws the last 1000 ms

of power consumption while the bottom one calculates the amount of power used since the

software is ran. The software also has controls to reset and restart all measurements.

25



] PowerSpy V2.02 [£3s]
Interface
‘wavefoms | Measurements  Statisties | Transcient analysis | Hamonic analysi | VA araph | Eneray | Calibration |
COMpot  |IEELE
Control Virms (V) Vpeak (V) Verest THD V (%)
5t Single | Fi
ﬂﬂ ﬂ e [ 23461 1 e [l 329 522 e [ 402 wax | 9151
sTOP| Al TR | + 5oy [ 234468 +5oey [l 228.572 + 5oy [l.402 +Soiey | 3.728
Avg I 234.326 avg 28313 Avg W7-401 Avg |2.081
Periods count -Soiev [ 234.163 -Soev [l 225054 -Scew [l1.400 ~Seew | 3.035
o I 233.857 i 327810 nan W7.398 Min | 2997
—— [0
Seales Irms (A) Ipeak (A) Icrest THD I (%)
u Luto -
ax |0.209 wax |0.387 wax 7527 wax [l 32.206
| Auto - +Sofey |0 209 + Saey | 0378 +Soev [l 7570 +Soey [l 31755
Avg [0.209 Avg |0.973 avg 7757 Avg Il 37.784
P Auto st _Sdlav |0.208 _Soev | 368 ~Sciev [l 7 763 ~Sciey [l 30573
Fiter [Low pass 2Kz = min [0.208 pin |0.982 2an W7.735 s [l 29945
Pre-tigger
’07 Prms (W) Peak (W) Pcrest F (Hz)
Trgger candiions Max | 20.020 Max | 122,336 ax 4072 ax I50.016
+Soeyv | 29990 + Soay 120144 +scev Il <008 +Scev I 20072
0000000 < L < [0.00000C Avg | 29.972 Avg |118.388 Avg [l 2950 Avg [ 50004
_Scfev | 29.954 _Sdev | 176.852 _Scev I 2.592 -Sciev I #9957
0.000000 < s < |0.00000C Min | 29.945 Min [ 115.232 Mo [ 3.548 iy [ 49,957
0.000000 ¢ Pims < |0.00000C
0.000000 < Upsak Ok, S (VA) Q(VA) PF
0.000000 < |peak Zera s [48.678 Max | 38730 aax [ 0514
T +Scev | 48.928 +Sdev |28.867 +scev I 0574
e [nfa Avg [|48.877 Avey | 38608 avey I 051
= _soev |48827 -Sdew |98 549 -scev I 0673
in [48.75¢ Min | 38.465 e I 0512
Download fles
Reset stats
aLciom

Fig. 3 Statistics calculation tab of Alciom software

This part of the software calculates the average consumption of the equipment. It also has a
button to reset the statistics. This will help us with our measurements where we can change
a parameter, reset the stats and the measure very accurately the changes that occurred from

introducing this parameter. This part of the software is used for all data collection.

The most crucial part of this research is to be able to generate real traffic in order to
evaluate how our network equipment reacts under real pressure. Hence, we use JPerf to
generate all the traffic for our experiments. JPerf is a graphic wrapper for the traffic

generating utility [Perf.

4.2 Choice Of Network Equipment

As our research goal objective is to test commercial grade equipment running EEE, we
have opted for Cisco 2960-X switch. This particular switch is advertised as an energy

saving solution for small offices and businesses. Besides EEE, the switch is also equipped
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with sleep/ hibernation techniques that allow the network administrator to configure certain
times where the switches would go into hibernation mode. This mode would not allow any
traffic to pass through the switches but it significantly reduces the power consumption. The
inclusion of these features in the switch allows us to pit EEE against other power saving
techniques in order to better understand the benefits it yields. We are using two 24-port
switches and two 48-port switches. In order to capture variations that can occur in the
production and manufacturing of switches, we have opted for two different switches of the
same model. We have also opted for 24-port and 48-port variations in order to see how the
power consumption of the switch scales with the size of the switch. Two different sizes of
switches can help us decide if EEE can yield better results with bigger equipment (i.e. with

more number of ports).

4.3 Power Profiling Switch Ports

As previously mentioned in the theory section of this research, power profiling a switch’s
ports is crucial for the power consumption model we are developing. Hence, we have
devised the following experiment in which we place a switch in idle mode without any
traffic and then proceed to connect the switch’s ports incrementally (i.e. one by one) to
network equipment. Connecting a network equipment to a switch activates that port in the

switch showcasing the sum of power consumption for utilizing that port.

Hence, for every port we plug, we reset the statistics as seen in Fig,3 and we register the
total energy consumption of this port. Each experiment consists of connecting all ports of
the switch and all experiments are run 10 times, except those mentioned in the

delimitations.

The architecture of our experimental setup is as such:
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Fig. 4 Experimental Setup Architecture for the power profiling switch

ports

We use two switches for this experiment, one switch is being measured by PowerSpy2
while the other serves as a hub to connect the ports. Only one switch is measured at a time
in order to be able to assess the power consumption of a single port. The setup is the same
for both 24-port and 48-port variants, however, the 48-port variant is matched by another
48-port variant in order to be able to connect all the ports. Our main interests in profiling
the ports is to assess the difference EEE makes. Hence, these sets of experiments are split
into two main categories : EEE and No EEE. When EEE is not enabled, we can switch the
bandwidths between 10 Mbits/s, 100 Mbits/s, 1Gbits/s and Fiber optic port. However,
when EEE is enabled, we are only interested in the highest available bandwidth which is 1
Gbits/s. As EEE is supposed to shut the ports when traffic is not present, coupling EEE
with lower bandwidths is not a commercially foreseeable situation. Consequently, only 1

Gbits/s EEE links are utilized.

The experiments are then as follows:
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1. No EEE:
a. 1 Gbits/s link speed
b. 100 Mbits/s link speed
c. 10 Mbits/s link speed
d. Fiber optic

2. EEE:
a. 1 Gbits/s link speed

Once data is collected for these experiments, we can develop an appropriate power

consumption model and utilize it for the rest of the experiments.

4.4 Power Measurements of Switch According to Traffic Throughout

The next set of experiments we devise are to measure the power consumption of the switch
under different traffic patterns in order to better estimate the benefits of deploying EEE in
core networks. As EEE is heavily influenced by traffic, we devise a set of tests to put it
through its paces. We have consequently designed 4 different traffic scenarios intended to

test EEE in all its different aspects. The traffic patterns are as follows:

e FT: short for full traffic and it consists of a 100% load on the link for the entire
duration of the experiment.

e ST: short for sinusoidal traffic and it consists of a burst traffic for 20 seconds each
minute of the experiments.

e LST: short low sinusoidal traffic and it consists of a burst traffic for 1 seconds each
minute of the experiments.

e MT: short for minimum traffic and it consists of a constant load of 4 kbit/s over the

link for the entire duration of the experiments.

These patterns are a result of analyzing aspects of EEE from previous research. As EEE

saves power in its LPI state, burst traffic should be the perfect pattern to balance
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performance and savings. Hence, this pattern is chosen in order to test the viability of
sending traffic in bursts with EEE. LST however, is chosen based on the delay researchers
claim when EEE switches between sleep and wake states. Sending a 1 second traffic forces
the switch to quickly change state and hence, demonstrating the delay inherent to it. As for
the MT pattern, according to the EEE standard [8], there is a threshold for incoming packet
sizes that prevents EEE links from waking up. This threshold is set to prevent links from
waking up under unnecessary traffic from STP packets and similar protocols. Therefore, if
we send packets small enough we can theoretically send traffic without waking up the
links. The MT traffic pattern is set to test this aspect of EEE while FT pattern sets the

upper limit of power consumption in EEE.

The architecture of the experiment setup is as follows:

(«

PowerSpy2 |:| t-_\ OO ®E® |'|

= p—
(« =
-
— EEE enabled switch
PC 1 with PC2
PowerSpy2

software

Fig 5. Experimental Setup Architecture for Power Measurements of Switch

According to Traffic Throughput
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Two EEE capable PCs are connected to EEE enabled switch with PC 1 sending various
traffic patterns to PC 2. The experiments run for 10 minutes and the total power
consumption is calculated at the end. With the absence of EEE, the power consumption of
a port is not affected by traffic as it always operates with maximum power. Hence, no
traffic pattern is used when testing without EEE.

Our experiments are as follows:

1. No EEE:
a. 1 Gbits/s bandwidth
b. 100 Mbits/s bandwidth

2. EEE:
a. FT
b. ST
c. LST
d. MT

4.5 Comparing Power Savings

The final part of the implementation is to utilize our developed model in order assess EEE
against alternative solutions in a real scenario. Hence, we devise a scenario in which we
have 1 lab of 48 PCs. This scenario can be translated into a multitude of equivalent
scenarios in a core network or data center environment. The options we have are either
getting 2 x 24-port switches or a single 48-port switch. Each switch can either be EEE
enabled or a simple legacy ethernet switch. In the legacy switches, we have the ability to
manually shut down ports as well as completely turn off the switches. Therefore, this

would be a competition between legacy power efficient solutions and the EEE standard.
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Our first scenario would be to test the power disparity between regular legacy switches of
different sizes. This scenario represents a situation where the traffic is unpredictable. The
network administrator does not have access to traffic information and has no prediction of
Up and Down times in his network. Therefore, the PCs in the lab are left continuously
running 24h a day. On a legacy switch, this means that the ports will never sleep and just
keep running. As the traffic is considered to be a constant 24h traffic, there is no way we
can measure the expected energy consumption using EEE. In order to calculate the energy
consumption with EEE, the number of idle hours has to be known. Additionally, two NO

EEE switches are used for this experiment.

Therefore, we can only use legacy switches for this scenario and it would be a chance for

us to see how the power consumption scales with bigger switches.

The setup for this experiment is as follows:

- Two NO EEE 24-port switches vs One NO EEE 48-port switch

It is also interesting to investigate how much we can sleep the greedier option in order to
choose a better alternative. For example, how long should we shut down the two 24-port
switches for their energy savings in order to match that of a single 48-port switch. This

finding can inform network administrator of a better option for energy savings.

On the other hand, if the network administrator knows that half of the PCs are not used at
night, we can then devise our second scenario in which 24 PCs will continuously work for
24h a day while the remaining 24 PCs are known to be working for 16h a day. Given the
similar switches and parameters of the first experiment, we can then have the following

scenario arrangement :
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- No EEE 2 * 24-port switches vs EEE 48- port switch
- No EEE 2 * 24-port switches vs EEE 2 * 24-port switches

Since a 48-port switch cannot be shut down at night as 24 ports are still needed, having a
legacy 48-port switch in our scenario is not feasible. Therefore, choosing an EEE enabled
48-port switch for this scenario is viable choice. On the other hand, as we have 24 PCs that
can hibernate at night, we could then attach all these machines to the same switch and shut
down the switch during the night. The second scenario arrangement is a direct comparison
between EEE and legacy technologies while the first arrangement is a test of consumption
scaling in switches. In this scenario, we can then test legacy methods of energy savings
versus EEE in an attempt to see if EEE could bring about the needed benefits over its old

fashioned manual counterpart.

Summary

For the experiments, we use PowerSpy2 for power measurements and iPerf for traffic
generation. We also use Cisco 2960-X switches both in the 24-port and 48-port variations.

For the experiments, we firstly measure the power consumption of the switch ports under
different links speeds with or without EEE. This experiment provides us with the data
needed to create a power (followed by a 24h daily energy) consumption model. Our second
set of experiments is to test our switches under different traffic scenarios with and without
EEE in order to best estimate the benefits of EEE. Our third set of experiments aims to
compare the power (and energy) savings from our measurement between the 24-port and
48-port variations in order to investigate how energy consumption scales with bigger

switches.
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5. EVALUATION

In this section, we present the results from the experiments detailed in section 4 as well as
evaluating the results in order to obtain desired outcomes necessary for our research. For

each set of experiments, we have two switches to evaluate, a 24 and a 48-port switch.

5.1 Power Profiling of Switch ports

24-port switch

In this experiment, we measure the power consumption of the switch’s ports in relation to
traffic and EEE. For each variable we set in our methodology, we plug all 24 ports in the
switch and measure the power consumption as a result. The base power consumption of the

switch with no ports connected is measured at 30 W.
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Fig. 6 Power consumption of Switch with No EEE and 1 Gbits/s link speed
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Each spike in the graph represents a new link being plugged into the switch. We
notice that the increase in power from each port is consistent and was measured at
an average increase of 0.328 W for each new link. The maximum power

consumption with 24 ports connected is at 37.88 W.

No EEE - 100 Mbits/s bandwidth:

Each spike in the graph below represents a new link being plugged into the switch.
We notice that the increase in power from each port is consistent and is measured at
an average increase of 0.095 W for each new link. The maximum power

consumption with 24 ports connected is at 32.28 W.

H Power (W)
2

cefi el o
3104
el
3006
307
306+
3054

304+

303 T T T T T T T T T T T T
1330 1400 1430 1300 1530 1600 1650 1700 1730 1800 1830 1900 1930 2000

Seconds

Fig 7. Power consumption of switch with No EEE and 100 Mbits/s link speed

No EEE - 10 Mbits/s bandwidth:
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Fig 8. Power consumption of Switch with No EEE and 10 Mbits/s link speed

Each spike in the graph represents a new link being plugged into the switch. We
notice that the increase in power from each port is consistent and is measured at an
average increase of 0.07125 W for each new link. The maximum power

consumption with 24 ports connected is at 31.66 W.

No EEE - Summary:

We notice that the power consumption of a 1 Gbits/s link is 3 times more than 100
Mbits/s, while the difference between 100 Mbits/s and 10 Mbits/s is less

pronounced.
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Fig 9. Power consumption of Switch / connected ports
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e EEE -1 Gbits/s bandwidth:

Each spike in Fig.6 represents a new link being plugged into the switch. It seems
that the increase in power from each port is consistent and is measured at an
average increase of 0.051 W for each new link. As there is no traffic passing
through the switch, this increase in power corresponds to the link in LPI mode.
With the maximum power consumption of the link measured at 0.328 W for 1

Gbits/s link, LPI mode is then 15.5% of the maximum power consumption of the

link.
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Fig 10. Power consumption of switch with EEE and 1 Gbits/s link speed

48-port switches

In this experiment, we measure the power consumption of the switch’s ports in relation to
traffic and EEE. For each variable we set in our methodology, we plug all 48 ports in the
switch and measure the total power consumption. The base power consumption of the
switch with no ports connected is measured at 34.54 W.

e No EEE - 1 Gbits/s bandwidth:
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Fig. 11 Power consumption of Switch with No EEE and 1 Gbits/s link speed

Each spike in the graph represents a new link being plugged into the switch. It
seems that the increase in power from each port is consistent and is measured at an
average increase of 0.345 W for each new link. The maximum power consumption
with 48 ports connected is at 51.1 W.
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e No EEE - 100 Mbits/s bandwidth:

Each spike in the graph below represents a new link being plugged into the switch.
It seems that the increase in power from each port is consistent and is measured at
an average increase of 0.0975 W for each new link. The maximum power
consumption with 24 ports connected is at 34.28 W.
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Fig 12. Power consumption of switch with No EEE and 100 Mbits/s link speed
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Fig 13. Power consumption of Switch with No EEE and 10 Mbits/s link speed
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Each spike in the graph represents a new link being plugged into the switch. It
seems that the increase in power from each port is consistent and is measured at an
average increase of 0.071 W for each new link. The maximum power consumption
with 24 ports connected is at 37.9 W.

No EEE - Summary:

It seems that the power consumption of a 1 Gbits/s link is 3 times more than 100
Mbits/s , while the difference between 100 Mbits/s and 10 Mbits/s is less
pronounced.

Fig 14. Power consumption of switch/ Connected ports
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EEE - 1 Gbits/s bandwidth:

Each spike in Fig.6 represents a new link being plugged into the switch. It seems
that that the increase in power from each port is consistent and is measured at an
average increase of 0.041 W for each new link. As there is no traffic passing
through the switch, this increase in power corresponds to the link in LPI mode.
With the maximum power consumption of the link measured at 0.345 W for 1

Gbits/s link, LPI mode is then 11.88% of the maximum power consumption of the
link.
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Fig 15. Power consumption of switch with EEE and 1 Gbits/s link speed

5.2 Power Measurements of Switch According to Traffic Throughout

As previously mentioned, in this section, we have 2 EEE enabled PC connected to our
switch and they are sending traffic to each other. We have devised 4 traffic patterns: FT,
ST, LST, MT. We also have 2 different link bandwidths: 1 Gbits/s and 100 Mbits/s, and
also 2 different technologies: EEE and No EEE. Traffic patterns do not change the power
consumption in a switch not running EEE, while the 100 Mbits/s bandwidth is not
important in the EEE implementation. Hence, we conduct the following experiments, each

with a duration of 10 minutes:

1. No EEE:
a. 1 Gbits/s bandwidth
b. 100 Mbits/s bandwidth

2. EEE:
a. FT
b. ST
c. LST
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The results of our experiments can be viewed in Table 1 and Fig 7 respectively.
We use 1Gbits/s - No EEE configuration as the default configuration in the switch and we
benchmark the other variables against it in order to calculate the power gain. Hence, the

last column of Table 1 represents the power gain over the default configuration.

24-port switch

Variables Total consumption (Watts) Energy gain (%)

1Gbits/s - No EEE 5.105 0%

100Mbits/s - No EEE 5.025 1.57%
1Gbits/s - EEE 5.0573 0.93%
1Gbits/s - EEE - FT 5.147911 -0.84%
1Gbits/s - EEE - ST 5.0846 0.40%
1Gbits/s - EEE - LST 5.0613 0.85%

1GB - EEE - MT 5.0591 0.90%

Table 1. Results depicting the total power consumption of a 24-port switch under

different variables ( traffic, bandwidth and EEE)
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Fig 16. Power consumption of a 24-port switch under different traffic patterns
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Variables Total consumption Energy gain

1GB - No EEE 5.873

1GB - EEE - FT -0.44%
1GB - EEE - ST 0.90%

1GB - EEE - LST 5.77554 1.66%
1GB - EEE - MT 5.769348 1.76%

Table 2. Results depicting the total power consumption of a switch under different
variables (traffic, bandwidth and EEE)
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Fig 17. Power consumption of a 48-port switch on different traffic pattern
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5.3 Overview of EEE’s power consumption

24-port switch
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Fig 18. Power consumption of EEE enabled 24-port Switch with ST traffic

pattern
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As apparent in Table 1, the base power consumption of a 24-port switch with EEE
is slightly higher than the switch without the technology at 30.095 W in
comparison to 30 W. Once our PC’s are connected, this power consumption rises to
30.186 W which corresponds to two added LPI consumptions. Our previous
experiments showed that a port in LPI consumes around 0.05 W power. Hence, this
data confirms our previous measurements of LPI. Once traffic reaches the switch, it
seems that the power consumption corresponds accordingly and rises to 30.72 W.
This rise can be attributed to the ports moving to an active state from the LPI state.
This increase in power consumption is measured at around 0.25 W per port. If we
add the LPI consumption to that number we reach a value of 0.3 W, which
corresponds to the power consumption of 1 Gbits/s link with No EEE. Therefore,

with no traffic the EEE link consumes around 15% of its maximum power value



and the link consumes the maximum power value once the traffic arrives. It seems

there is no visible real time delay between the sleep and wake transitions.

48-port switch
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Fig 19. Power consumption of EEE enabled 48-port Switch with ST traffic

pattern
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As apparent in Table 2, the base power consumption of a 48-port switch with EEE
is at 34.54 W. Once our PC’s are connected, this power consumption rises to 34.62
W which corresponds to two added LPI consumptions. Our previous experiments
show that a port in LPI consumes around 0.041 W. Hence, this data confirms our
previous measurements of LPI. Once traffic reaches the switch, it seems that power
consumption corresponds accordingly and rises to 35.21 W. This rise could be
attributed to the ports moving to an active state from the LPI state. This increase in
power consumption is measured at around 0.3 W per port. If we add the LPI
consumption to that number we reach a value of 0.341 W, which corresponds to the
power consumption of 1 Gbits/s link with No EEE. Therefore, with no traffic, the
EEE link consumes around 12% of its maximum power value and the link
consumes the maximum power value once the traffic arrives. We notice as well that
there is no visible real time delay between the sleep and wake transitions.



5.4 Comparison Between 24 Port and 48 Port Switches

Fig 20. Power consumption of a switch with and without EEE
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The base power consumption of the 24-port and 48-port switches without any ports
connected is 30 W and 34.54 W respectively. After connecting all the ports, the power
consumption of the switches can be seen in Fig 20. Without EEE, the difference in
consumption is quite significant with the 48-port consuming 51.1 W compared to 37.88 W
on the 24-port. The difference is less stark with EEE enabled where the consumption of the
switches is 31.296 W and 35.608 W for the 24-port and 48-port variants respectively. We
can also note that the power consumption of a single switch port is slightly higher on the
48-port variant measuring at 0.345 W compared to its 24-port counterpart measuring at
0.328 W. The consumption is the same for the other bandwidths.

Another thing to note is that when connecting 24 PCs to the 48-port switch, the difference
between the consumption of the switch and that of a 24-port one is merely the difference
between their base power. As the links on both switches consume almost the same amount
of power, the only difference between the two is the increased number of ports on the
48-port switch and the slight increase in base power consumption when no ports are
connected.
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These results are tabulated Table 3 and Table 4. As the 48-port switch with all the ports
connected has the highest total power consumption, it is used as the point of reference for
the other devices. Hence, the power gain is calculated on how much each device consumes

compared to the reference device.

24-port switch (24 PC) 37.88 25.87%

48-port switch (24 PC) 42.82 16.20%

Table 3. Power consumption of different switches without EEE

“ EEE / No traffic Energy gain with EEE
24-port switch (24 PC) 31.296 14.27%

48-port switch (24 PC) 35.524 .70%
48-port switch (48 PC) 36.508 0%

Table 4. Power consumption of different switches with EEE

5.5 Power Consumption Models

After our extensive measurement in section 5.1 and 5.2 we can deduce the following power

consumption models for our switches:



Switch without EEE
Ps=(N,xP,)+P,

P : rower consumption of switch (W)

S
Np: Number of connected ports

P
P : Power consumed by a single port (W)

p

P B - Base power consumed by the switch with the no ports connected (W)

Switch with EEE
Ps=(Ngpx Prp;) + (Npx P,) + Py
P § : Power consumption of switch (W)
N Ap : Number of active ports (ports with traffic running through them)
IV, sp - Number of ports in sleep state (ports with no traffic running through them)
P P Power consumed by a single port (W)
P Lp1 - Power consumed by a single port in LPI state (W)

P B : Base power consumed by the switch with the no ports connected (W)
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Energy Consumption Model

From the above equation we can deduce that the energy consumption model for a switch

running EEE is the following:

N ports
B>4kps Py xD + > T, xP,+TgxPy,
0

Eg=
N ports
B<=4kps ( P,+ > P, )xD
0

With  D=T,+T,

P P’ Power consumed by a single port (W)
P 1p[ : Power consumed by a single port in LPI state (W)
P B - Base power consumed by the switch with the no ports connected (W)

T 4 . Total duration of traffic ( hour)

T s - Total duration of the absence traffic ( hour)
D . buration of the experiment ( hour)

E s : Energy consumption of switch (Wh)
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B : Banawidths in Kbps

As we notice from the EEE experiment in section 5.2, a traffic of 4Kbps or less does not
trigger the ports to wake up. Hence, our power consumption equation has to take that
condition in consideration. If traffic is at a minimum of 4kbps or less, all ports remain in
LPI mode.

5.6 Comparing Energy Savings

In this segment we will be using the models created in section 5.4 in order to compare the
energy savings from EEE to legacy energy saving algorithms. We have split the
implementation into two scenarios with each scenario having a special arrangement. The

details of the scenarios are described in section 4.6 of this paper.

Scenario one:

Our first scenario one where the PCs in the lab are left continuously running 24h a day.

Our setup includes two NO EEE 24-port switches versus one NO EEE 48-port switch
with time equals to 24 hours:
P,, =(24xP,+Py)

=(24x0.328 +30)

=37.872W

Pypy=2xP,
=2x(24xP, + Py)
=2x(24x0.328 +30)
=75744 W
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E,.,=75744W x 24h (per day)
=1817.856 Wh

P, =(48xP,) + Py
=(48x 0.345) + 34.54
=51.1W

E, =51.1Wx 24h (per day)
=1226.4 Wh

— P, <P,.,, and consequently, energy consumption per day,
E48 < EZ *24

Unsurprisingly, we consume much less with single 48-port switch than with two 24-port
switch. However, it would be interesting to find out how much time we need to sleep the

24-port switches for their energy consumption to improve on the single 48-port switch.

2xPyyx Toppe <=Ey
2xPyx (24-T,,,) <=E4;
T,, 6 =24-E,/(2xP,,)

sleep

Substitute, P,,=37.872W, E ;= 1226.4Wh
Therefore, T,,,,,=> 7.809 Hours

leep

Hence, we need to sleep both switches for more than 7.8 hours in order to ensure they are
more energy efficient than the 48-port switch.
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Scenario two:

Our second scenario is one where we can sleep half the PCs in the lab for 8 hours at night.
Hence, we have a setup of 24 PCs that are attached to one switch that run for 24h
continuously in a day while the other 24 are attached to a 24-port switch that hibernate for
8 hours during the night. Contrastingly, we have one 48-port switch with EEE. Therefore,
the ports on this switch will automatically stop once the traffic stops. This scenario is setup

to test the viability of deploying EEE versus the legacy methods of energy savings.

Our setup includes two NO EEE 24-port switches versus one EEE 48-port switch:

The total power consumption of one 24-port switch (No EEE):
P, =(24xP) + Py

=(24x0.328) + 30

=37.872W

One 24-port switch is running for 24h, the other 24-port switch runs for 16h.

The total daily energy consumption for two 24-port switches (No
EEE, one continuous running and another with 8h hibernation):
E;..;7(24xP,)+(16xP,,)

=(24x37.872)+ (16 x 37.872)

=1514.88Wh

For the 48-port switch we have two durations D, = 16h and D, = 8h. D, is one where the
traffic is considered continuous and D, is one where traffic is considered to be stopping in

24 Ports
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N ports
D1=>E48(D1) =PyxD, + TAxPp+TSxPLPI
(0]

=PyxD,+(48xP,x D)
=34.54x 16+ (48 x 0.345 x 16)

=817.6 Wh
N ports
D2=>E48(DZ) =PyxD, + 3 TAxPp+TSxPLPI
[

=PyxD,+(25xP,xD) +(23xP.p;xD,)
=34.54x8+(25x0.345x8) +(23x0.041x 8)
=352.864 Wh

E s roay = Esspy T Egspy =1170.464 Wh

= E48(t0tal) < EZ *24

Although the 48-port switch still consumes less energy, the difference between the two this

time is less significant.

Our setup now includes two NO EEE 24-port switches versus two EEE 24-port

switches

Two No EEE 24-port switches (one running for 24h while the other, 16h per day)
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Enoper = (24x P, ) + (16 x P,,)
=(24x37.872)+(16x 37.872)
= 1514.88 Wh

For the switches with EEE we will have one that is running 24h (D,) and the other

running 16h (D,) only
Eppp=FE,, t E,

N ports
E24(1)1) = PyxD, + 3} TAxPp+TSxPLPI
]

=PyxD,+(24xP,xD)
=30.095x 24+ (24x0.328 x 24)
=911.208 Wh

N ports
B > 4kps [ PyxD, + Y T, xP,+Tgx Py,
0

E24(D2) - <
N ports
B <=  4kps (P, + > P, )xD,
0

\

N ports N ports
Eypy =Pgx16 + 3 16xP, + (Pyt  ,p)x8

=30.095x 16+ (24 x 16 x 0.328 ) + (30.095 + 24 x 0.05 ) x
= 857.832 Wh

E,., = 911.208 + 857.832 = 1769.04 Wh
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=> Enoree < Egge

With these calculations, we can deduce that shutting down a 24-port switch for an hour

saves 37.872 W. On the other hand, enabling EEE on a 24-port switch saves 6.672 W.

In order to match the energy savings from sleeping the switch for one hour, we need to

then enable EEE for:

T...>37.872/6.672
> 5.676 hours

Therefore, for each 1 hour of shutting down a 24-port switch, we need at least 5.67 hours

of EEE with no traffic to equal those energy savings.

With these calculations, we can equally deduce that shutting down a 48-port switch for an

hour saves 51.1 W. On the other hand, enabling EEE on a 48-port switch saves 14.6 W.

In order to match the energy savings from sleeping the switch for one hour, we need to

then enable EEE for:

Ty,>51.1/14.6
> 3.5 hours

Therefore, for each 1 hour of shutting down a 48-port switch, we need at least 3.5 hours of

EEE with no traffic to equal those energy savings.

The difference between the two switches can be seen in this graph:
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Fig. 21 Minimum time needed to run EEE in order to
match 1 hour of sleep/hibernation

6 B hours

4.5

hours
(%]

1.5

24-port 48-port

Summary

Results from power profiling the switch’s ports firstly showcase that without EEE, the
power consumption of 1 Gbits/s link on a 24-port switch is on average 0.328 W for each
new link added. Results from power profiling the ports on the 48-port switch on the other
hand, firstly showcase, that without EEE, the consumption of 1 Gbits/s link is on average
0.345 W for each new link added. A 1 Gbits/s link then consumes 3 times more than a 100
Mbits/s with the latter consuming slightly more than 10 Mbits/s.

When evaluating EEE benefits, it reveals that EE greatly impacts the 48-port switch
compared to the 24-port when both are fully loaded. The energy gain on the 48-port with
EEE is at a maximum of 28.55 % while it is 17.381% on the 24-port. This can be attributed
to the fact that the ports consume 32.4 % of the 48-port switch’s energy consumption and

only 20.8 % of the 24-port’s consumption.
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6. Discussion

In this section, we will discuss the results demonstrated in section 5 as well as reflect on
their potential meaning to our research. We will equally assess our work against related

work as well as compare our developed energy model to those of existing papers.

6.1 Power Profiling Switch Ports

24-port switch

Results from power profiling the switch’s ports showcase firstly that without EEE the
consumption of 1 Gbits/s link is on average 0.328 W for each new link added. A 1 Gbits/s
link then consumes 3 times more than a 100 Mbits/s with the latter consuming slightly
more than 10 Mbits/s. Since the difference in energy consumption between 100 Mbits/s
and 10 Mbits/s links is not as drastic as the speed tradeoff, we would not suggest using 10
Mbits/s to reduce energy consumption. On the other hand, although 1 Gbits/s consumes 3
times more than 100 Mbits/s the actual difference is around 0.2 Wh of energy. Hence, 100
Mbits/s saves 71% off the consumption of the ports but only saves 0.76% of the total
energy of the switch. Similarly, with EEE, the port in LPI reduces the energy consumption

of the port by 84.5% but only reduces the total consumption of the switch by 0.91%.

48-port switch

Results from power profiling the ports on the 48-port switch on the other hand, firstly
showcase that without EEE, the consumption of 1 Gbits/s link is on average 0.345 W for
each new link added. A 1 Gbits/s link then consumes 3 times more than a 100 Mbits/s
with the latter consuming slightly more than 10 Mbits/s. Since the difference in power
consumption between 100 Mbits/s and 10 Mbits/s links is not as drastic as the speed
tradeoff, we would also not suggest using 10 Mbits/s to reduce power consumption. On the

other hand, although 1 Gbits/s consumes 3 times more than 100 Mbits/s the actual
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difference is around 0.24 W of power. Hence, 100 Mbits/s saves 71.74% off the
consumption of the ports but only saves 0.71% of the total power of the switch. Similarly
with EEE, the port in LPI reduces the energy consumption of the port by 88.1% but only

reduces the total consumption of the switch by 0.88%.

Although the 48 port switch consumes more than the 24-port in base power. The difference
between the two is only 4-5 W. The two also have very similar power consumption for the
ports on all the tested bandwidths. Therefore, the power consumption does not scale
significantly when switches increase in size. Especially with EEE enabled, the power gain

on the 24-port switch is only 2.7% with the same amount of ports attached.

6.2 Comparison with related work

Although previous research claims energy savings of up to 80% with EEE [5, 6, 9, 14, 15,
16, 17. 23, 29] using techniques such as adaptive link rate (ALR) [5,6], Burst transmission
(BTR) [9,15,29] or packet coalescence [16,17], our measurements show that these savings
only pertain to the energy consumption of the port and not the equipment itself. Results
highlight that the energy (or power) consumption of the port is a small fraction of the total
energy(or power) consumed by the equipment. Even if link speeds reach 10 Gbits/s and
accordingly, consume up to SWh of energy per link [17], the equipment handling these
speeds would consequently consume a significantly higher amounts of energy. The
consumption of the port will always remain a fraction of the total consumption of the
equipment. Furthermore, even if aggressive BTR and packet coalescence techniques are
employed as suggested by recent research from Meng et al [18] and Bolla et al [34], these
techniques can only be deployed on the last hop of a multi-hop system. The delay caused
by packet coalescence would increase with each hop and thus, greatly affecting the quality

of experience for users. Hence, these algorithms can only be implemented on the last hop
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of the network and as demonstrated by our experiments, the energy savings we can yield

from a single network equipment are minimal.

Other research recommends combining the use of EEE and adaptive link rate in unison
[11, 25, 27] . As our measurements in section 5.1 and 5.2 show, changing the link rate
from 1Gbps to 100Mbps provides greater energy efficiency than EEE without any impact
on packet loss. The only downside to slower links is the delay ensued from greater traffic.
Consequently, switching to slower links when traffic is slow, is recommended. On the
other hand, when traffic is heavy, EEE has proved that it provides better energy savings
than a regular 1Gbps link. Therefore, our measurements confirm the potential of this
hybrid mechanism but we however, have doubts about the feasibility of implementing such
complex controls in switches. Congestion sensing and advanced predictive algorithm have
to be put in place in order to best predict when to switch between each of the 3 possible

states in this scenario.

In regards to the similar work done by Reviriego et al [26], we believe their power
consumption model does not take into consideration a crucial point. The research deduced
that the power consumption of a switch is as such:

Nipart
P= P + Pypune 3 min(1D-p,)

=]

The parameters of the model are P, . which is the base power consumption with P

base dynamic

which is the difference between the power consumption at full load and Pbase divided by
the number of ports and D which is the increment in power consumption per increment in
traffic load per port (pi) [26]. As this model treats all EEE ports the same by assigning
them a single D variable that represents their power increment with regard to traffic, the
model disregards the dual state of EEE and does not consider ports in which LPI mode is

activated. Although traffic goes through a switch, it does not necessarily activate all the
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ports on the switch. Only ports where the traffic crosses will be activated. Additionally,
this model does not take into consideration, the bandwidth of the incoming traffic. As our
measurements in section 5.2 shows, traffic of 4 Kpbs and less, does not trigger a wake up
transition in the ports. Finally, as the measurements in this research are done on network
simulation software, their accuracy is inferior to that conducted on real network equipment.
Consequently, we believe our model better describes the power (and energy) consumption
behavior of a switch running EEE by taking into consideration, incoming bandwidth of

traffic, traffic direction and the dual state of EEE.

6.3 Assessing EEE Benefits

As seen in fig 20, EEE greatly impacts the 48-port switch compared to the 24-port when
both are fully loaded. The power gain on the 48-port with EEE is at maximum 28.55 %
while it is 17.381% on the 24-port. This can be attributed to the fact that the ports consume
32.4 % of the 48-port switch’s power consumption and only 20.8 % of the 24-port’s

consumption.

To place the EEE possible savings from a single 24-port network equipment into
perspective, according to our traffic scenarios, the difference between the consumption of
a 1 Gbits/s link without EEE and one with EEE and no traffic is 0.44 Wh. You can hence
making savings by running our EEE scenario without any traffic 0.6 Euroes a year in
energy spending in France and 46 pence in the UK. With all 24 ports connected in the
switch and no traffic, we can save 7.2 Euros a year in France and 5.52 Pounds a year in
the UK. These numbers represent the maximum energy savings possible since no traffic is

being sent.

With energy savings of up to 30%, EEE can reduce the environmental footprint of wired
networks. Although the reduction in carbon emission is not significant for single switch, a

mass adoption of EEE will have a big global impact.
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We can then deduce that EEE is best deployed on bigger core network switches rather than
small office and lab switches. The energy (or power) savings from EEE on the smaller
switch cannot justify a mass deployment of the technology. However, in much bigger high
speeds core network switches, EEE can yield 30-50% energy (or power) efficiency with

zero configuration. This makes this technology appealing for a certain market.

This point is further enhanced by our calculations in section 5.5 where we showed that for
each hour of turning off a 24-port switch we can save as much energy as 5.6 hours of EEE
without any traffic whatsoever. This high number of inactive hours can be very hard to
achieve in high traffic scenarios and thus making this technology useless for network
architectures with a high focus on 24-port switches. On the other hand, with a 48-port
switch, we need 3.5 hours of EEE with no traffic to compensate for 1 hour of turning off
the switch. This calculation shows that EEE gets more efficient with an increase in the size
of the equipment is. It is up to network administrators to utilize our power consumption
model and calculations in order to estimate the possible energy savings they can receive

from their equipment.

Moreover, our results are taken from Cisco switches and particularly from Cisco 2960-X
switches and therefore cannot be used to reflect the exact energy consumed by switches
from different manufacturers. Our developed model hence serves to calculate the energy
consumption of switches running EEE given a base power consumption and the power
consumption of ports. The model equally demonstrates that the energy consumption of
switches running EEE is linear and dependant on the number of ports and duration of

traffic.

The best scenario for EEE is hence, one where the equipment is very large and the traffic
has a lot of downtime. According to statistics from Technavio [49], big data centers with

link utilization rates of 30% and in which the equipment is very large presents a perfect
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customer for a mass adoption of EEE. However, office spaces and computer labs will not

receive energy savings enough to justify a mass adoption of the technology.
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7. CONCLUSIONS AND FUTURE WORK

During our experimentation, we have explored the power (and energy) consumption of
links in relation to their bandwidths and deduced that the power (and energy) consumption
of ports will exponentially increase with the increase of speed. With 10 Gbits/s links right
around the corner, we can expect the power (and energy) consumption of those links to be

far superior than our measured 1 Gbits/s links.

Our measurements reveal that an EEE port runs at 12-15% of its total power when in low
power mode. Therefore, the power savings when no traffic is present can constantly exceed
80%. However, our measurements equally show that the power (energy) consumption of a
single port represents less than 1% of the total power (energy) consumption of the switch.
The base power consumed by the switch without any ports is still significantly high and is
not affected by EEE. Experiment results also show that the base power consumption of
switches does not significantly increase with the size of the switches. When doubling the
size of the switch between 24 and 48 ports, we measure an increase of only 16.2 % in
power (or energy) consumption. EEE also holds greater effect on bigger switches, with the
power (or energy) gain on the 48-port with EEE is at maximum 28.55 % while it is
17.381% on the 24-port. This can be attributed to the fact that the ports consume 32.4 % of
the 48-port switch’s power (or energy) consumption and only 20.8 % of the 24-ports
consumption. Hence, the bigger the amount of ports on a switch, the greater the power (or

energy) benefits the technology can yield.

When comparing EEE to other energy saving algorithms such as sleep/hibernation
techniques we found that for each hour of turning off a 24-port switch we need a minimum
of 5.6 hours to equal the energy savings with that number being 3.5 hours on the 48-port

variant.
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The best use case for EEE is hence one where the equipment is very large and the traffic
has a lot of downtime. According to statistics from Technavio [49], big data centers with
link utilization rates of 30% and in which the equipment is very large presents a perfect
customer for a mass adoption of EEE. However, office spaces and computer labs will not

receive energy savings enough to justify a mass adoption of the technology.

The implementation of EEE on the other hand, has delivered the promises of the protocol
and has exceeded our expectations on its performance. There is no noticeable delay in
transitioning from Sleep to Wake and the protocol delivers small but noticeable energy
savings over regular 1Gbps. There is hence, significant interest in re-implementing these
tests on link speeds of 10Gbps and higher in order to assess if the benefits from EEE

increase.

For future work, the tests we have conducted in this research should be applied on much
larger switches in order to test the benefits of applying EEE in large data centers.
Similarly, implementing the tests on different switches from different models and

manufacturers in order to generalize the results presented in this work.
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APPENDIX . Screenshots From JPerf

Help

Iperf command:

Choose iPerf Mode: ) Client

® Server

binfiperfexe -5 -P 0-i1-p 5001 -fm

Listen Port

Num Connections

B3 Jperf 2.0 - Network performance measurement graphical tool

50011 []Client Limit |

Application layer options

[_] Enable Compatibility Mode

Output Format IMBits
Report Interval |

El O
[] Print MSS
Transport layer options

Choose the protocol to use
® TCP
[] Buffer Length
[] TCP Window Size
[ Max Segment Size

[_] TCP No Delay

2 UDP

=] seconds

»

»

jeu., 27 mars 2008 22:04:24
Bandwidth & Jitter

—a - —

hinfiperfexe-s-F 0-i1-p 5001 -fm

!Ser\fer listening on TCP port 5001
TSP window gize: 0.01 MByte (defaul)

[1888] local 192.168.1.2 port 5001 connected with 192.168.1.102 port 49588
i[ID]InteNaI Transfer Bandwidth

[1888] 0.0- 1.0 sec
[1888] 1.0- 2.0 sec
[1888] 2.0- 3.0 sec
[1888] 2.0- 4.0 sec
[1888] 4.0- 5.0 sec
[1888] 5.0- 6.0 sec
[1886] 6.0- 7.0 sec
[1888] 7.0- 6.0 sec
[1888] 8.0 0.0 sec
[1888] 0.0- 8.3 sec

10.8 MEytes
10.7 MBytes
10.5 MByles
105 MBytes
10.8 MEytes
10,6 MBytes
10,6 MBytes
10.8 MEytes
10.7 MBytes
99.1 MByles

91.5 mhitsize:
89.8 Mhitafsec
88.0 Mhitsfsec
B8.5 Mbitafsec
41.8 Mhitafsec
88.6 Mhits/sec
88.6 Mhitafsec
90.2 Mhitsisec
249.5 Mhitsfsec
89.2 Mhitsizer

Save || Clear now | [] Clear Output for new Iperf Run

-

Fig 22. Server side configuration of JPerf
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Iperf command:
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Application layer options
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Transport layer options
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4 O uop
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@ Run IPerfl
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Bandwidth
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Fig 23. Client side configuration of JPerf
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