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Copyright Notice

This text, “Network and Telecom Equipment—Energy &erformance
Assessment,” is licensed under a Creative CommadtrsbAtion 3.0 United States
License. This license lets others distribute, rennxeak, and build upon this
work, even commercially, as long as they credis thiiginal document.
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CuUT
Fe
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energy consumption rating (peak efficiency meWGhbps)
energy efficiency metric over a variable-load cy&&Gbps)

maximum offered load at zero packet loss
measured maximum effective throughput (full-dupl&hbps)

energy consumption under highest load accepted by @latts)
energy consumption under half load (watts)

energy consumption under thirty percent load (watts)
energy consumption under ten percent load (watts)

energy consumption with half ports active (watts)
energy consumption with one-quarter ports activatisy
energy consumption with one-tenth ports active tgyat

energy consumption underax as reported by SUT (watts)
reported system utilization under loaglax (percent)

system under test

component under test
Energy footprint of a component (estimated, watts)
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Purpose

The purpose of this document is to define a franméwor first-order
approximation of energy efficiency for packet-basedwork and telecom
equipment. Various aspects of operation are covarnetuding peak
efficiency, variable-load efficiency and idle (statlly configurable) energy
efficiency.

Portions of this document can be used free of changder the
terms of Creative Commons Attribution 3.0 Unitedt&s
License. (See copyright notice on previous page.)

Theoretical Basis

This document defines energy efficiency as eneysamption normalized to
effective throughput. Such approach is in accoreéanith high-level
methodology suggested in [SAINT 2008] and similacdments. In other words,
we assume the more energy-efficient network systebe the one that can transport
more data (in bits) using the same energy budgeldqiles).

Note that packet-based systems offer a specifillerigge for this approach.

Because the amount of data the system can trarcsgotie equal to (or lower than) the
theoretically possible load, system performanceikhbe subjected to measurement
alongside energy consumption, which constituteasactenergy efficiency test.
Additional (optional) tests can be added for corhprsive evaluation of other energy-
related properties, such idle (static) energy mamamnt, energy management for
connected (cascaded) devices and embedded energiyrimy capabilities.

Scope

Efficiency definition provided above is best suifed medium- to large-scale network
and telecom systems. It is less relevant to snfftlep home office and consumer-
grade multipurpose communication devices, whermuiinput is less relevant and
energy efficiency metrics can be based on allowspee units of functionality, such as
described in [METI 2008] and [EC CoC Broadband]utoents.

In general, this document is applicable to manesypf packet-oriented network and
telecom equipment, including, but not limited tore and edge routers, L2/L3
switches, optical packet shelves, security deviloes] balancers, etc.—anything that
can exhibit performance numbers lower than the fatee of connected ports.

Portions of this document can be also adaptedtfardelecom equipment types

where the face value of ports always equals thféectve bandwidth (i. TDM systems
or optical converters) or where bandwidth is nateasure of load (e.g., control

planes, authentication servers, etc.). In theraise, system loads can be represented
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in units other than bandwidth (i.e., CPU utilizafjoClass-specific requirements
(including connection topology) and traffic tesofiles are detailed in Appendix.B

The actual measurement cycle is designed to bdesjfiast and inexpensive to run.
It can be fully automated and, whenever thereasréor interpretation, should be
designed to reflect the utilization profile and ddions frequently experienced in the
field.

Test Procedure 1 (Mandatory)
Energy consumption in relation to dynamically chiagdoad

Network and telecom packet-based systems are fuentaity based on the notion of
statistical multiplexing where system performanaynor may not, correspond to the
bandwidth theoretically possible, based on the fawée configuration. To take this into
account, this test methodology purports to perfemmultaneous performance and energy
consumption measurements under the load profilecanditions typical to the
environment where the system under test (SUT)téaed to operate. Additional class-
specific requirements for this test are listed ppAndix B.

Note: There is no SUT configuration change allowed taimg beyond the preparation
phase. All energy savings adjustments (if donethleySUT during Test Procedure 1
should be automatic.

SUT Preparation

The SUT is configured according to class requirasiand offered the load as defined in
the class requirements (Appendix B). Typically, 84T is a reference system fully
outfitted with hardware and software suitable fiass requirements. Prior to the actual
test, the SUT has to be exposed to environmentalitons outlined in Appendix A for at
least four hours to settle the potential tempeeaturd humidity differences.

Router testing equipment (traffic generators) isdu® simulate the load and collect the
performance-related results. AC or DC inline meteesused to calculate energy
consumption during the tedfletrology and environmental requirements to DC- AQd
based test cases are listed in Appendix A.

This measurement procedure consists of six maggsst

Step 1 (qualification)

The first run determines the maximum lo&g {x) that can be sustained at zero packet
loss. Any methodology is suitable, including binagarch (similar to RFC2544),
heuristics or known maximum load values. Thereoisime limit for this run.

The run is complete after a maximum (lossless) Isatktermined.

Note: The following test runs should be separated wasthdle time of 300 seconds or

less. If the test class requires the SUT to begulimith control plane information (ARP,
MAC, route learning, etc.), it should be done ia itlle-time window.
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Step 2 (full load)

The second run offers the lobd.x (identified at step 1) to the SUT for a periodl@d0
seconds Energy consumption is being sampled for the emtériod and average
consumptiorE oo calculated,

Step 3 (half load)

Note: If the SUT does any energy management to adapettotwer offered rate, this
action should be fully automatic and should allowtant return to the offered ratgak
without packet loss.

The third run reduces the lo&ad,.x twice L har = 0.5 XL max) @and runs for another 1200
seconds. Energy consumption is being measuretiéogritire period and average
consumptiorEsg calculated. Load reduction is achievedregiucing the packet raten all
configured ports. (Load reduction by means of gllom disconnecting ports ot
acceptabl@.

Packet loss during this run (if seen) invalidatesmeasurement and resets testing to the
first run to provide a betterylax estimate. In addition, the SUT should be ablestarn to
peak load (as determined in the first run) at amymant during the test without packet
loss. Random probing for higher load levels cande to validate test results.

Step 430% load)

Note: If the SUT does any energy management to adapettower offered rate, this
action should be fully automatic and should allowtant return to the offered ratgak
without packet loss.

This test run further reduces the load.t9 (L 30= 0.3 XL max) @and runs for another 1200
seconds. Energy consumption is being measuretiéogritire period and average
consumptiorEsg calculated. Load reduction is achievedregiucing the packet raten all
configured ports. (Load reduction by means of gllom disconnecting ports ot
acceptabl@.

Packet loss during this run (if seen) invalidatesmeasurement and resets testing to the
first run to provide a betterylax estimate. In addition, the SUT should be ablestarn to
any load level (including peak load as determimetthe first run) at any moment during
the test without packet loss. Random probing fghér load levels can be used to
validate test results.

Step 510% load)

Note: If the SUT does any energy management to adapettotver offered rate, this
action should be fully automatic and should allowtant return to the offered ratgak
without packet loss.

! The measurement interval represents a comproratseebn accuracy and speed. Shorter time intervals
(i.e., 300 seconds) might overestimate the systenrfiopnance (via temporary packet buffering) or aapl
capabilities (i.e., system tolerance to heat da&mp before the fans change speed). Longer maasuie
intervals make the testing procedure more expensive

2 please refer to Appendix A for measurement camtitiand qualifications.
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This test run further reduces the load.t@ (L 10= 0.1 XL max) and runs for another 1200
seconds. Energy consumption is being measuretidogritire period and average
consumptiorkg calculated. Load reduction is achievedregucing the packet raten all
configured ports. (Load reduction by means of gllom disconnecting ports ot
acceptabl@.

Packet loss during this run (if seen) invalidatessmeasurement and resets testing to first
run to provide a betterplax €stimate. In addition, the SUT should be ablestarn to any
load level (including peak load as determined mfthst run) at any moment during the
test without packet loss. Random probing for highad levels can be added to validate
this condition.

Step gidle run)

Idle run removes the load and runs for another E2@@nds. Energy consumption is
being measured for the entire period and averagsucoptionE; calculated. Load
reduction is achieved by idling packet rate orcatifigured ports. (Load reduction by
means of disconnecting or shutting down portsoisacceptable.

The SUT should be able to return to any load Iéweluding peak load as determined in
the first run) at any moment during the test withpacket loss. Random probing for
higher load levels can be added to validate thilitimn.

Test Procedure 2 (Optional)
Energy consumption in relation to statically chawggioad

In addition to dynamic energy performance demotedrat peak and variable offered
load, network and telecom systems might possess steergy management capabilities,
adapting to extended periods of low utilizationisTimeasurement procedure intends to
demonstrate the energy savings potential of suetfes (if present).

The prerequisite for this procedure is to havelaedan.x determined during Test
Procedure 1. The SUT configuration, preparation@asis-specific requirements, and test
bed setup for this procedure are identical to Pestedure 1. This measurement
procedure consists of three major steps.

Note: The following test runs should be separated wasthdle time of 300 seconds or
less. It is acceptable to change the SUT configamdab move components into a low-
power or shutdown state prior to each step. Thisilshbe done in the idle-time window.

Step 1 (half ports in use)

This test run reduces the loagax twice L har = 0.5 XL max) @and runs for 1200 seconds.
Energy consumption is being measured for the epérsd and average consumptiég
calculated. Load reduction is achieveddeynding traffic at full rate to every second port
of the SUTUnused router tester ports can be left idle or doutn at vendor discretion
Active ports should be evenly mixed with inactivas on the SUT; block designation
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(i.e., four active ports on one linecard, then fimactive ports on another linecardhist
acceptable.

Note: Packet loss during this run (if seen) invaliddtessmeasurement and resets testing
to Test Procedure 1 to provide a bettggdestimate. In this test, SUT i@t required to
return to higher performance levels instantly anghtrequire a configuration change

and recovery period to return to full capacity.

Step 2one quarter of all ports in use)

This test run further reduces the load.tg (L 25= 0.25 XL max) and runs for another 1200
seconds. Energy consumption is being measurethéagrtire period and average
consumptiorP,s calculated. Load reduction is achievedsending traffic at full rate to
every fourth port of the SUTNused router tester ports can be left idle or sloutn at
vendor discretionActive ports should be evenly mixed with inactivats on SUT; block
designation (i.e., 4 active ports on one linectrdn 12 inactive ports on other linecards)
is not acceptable.

Packet loss during this run (if seen) invalidatesmeasurement and resets testing to

Test Procedure 1 to provide a bettgglestimate. In this test, the SUTnst required to

be able to return to higher performance levelsaimty andmightrequire a configuration
change and recovery period to return to full capaci

Step Jone-tenth ports in use)

This test run further reduces the load_t@ (L 10= 0.1 XL max) and runs for another 1200
seconds. Energy consumption is being measurethéagrtire period and average
consumptiorPyo calculated. Load reduction is achievedsending traffic at full rate to
every tenth port of the SUUnused router tester ports can be left idle or gloutn at
vendor discretionActive ports should be evenly mixed with inactivats on SUT; block
designation (i.e., 10 active ports across two knds, and then 90 inactive ports across
remaining linecards) isot acceptable.

Packet loss during this run (if seen) invalidatesmeasurement and resets testing to

Test Procedure 1 to provide a bettggdestimate. In this test, the SUTnst required to

be able to return to higher performance levelsaimty andmightrequire a configuration
change and recovery period to return to full capaci

Test Procedure 3 (Optional)
Component-level energy footprintjF

Modular network and telecom systems can be corddjur a variety of ways, which
renders full testing of all possible reference agunfations impractical. Because of this,
vendors can choose to list only one or several (typgcal) configurations of the same
modular system for detailed energy and performaggerts.

Other configurations can be approximated basedsamaof component-level energy
budgets. Intermodule dependencies and interacti@k® such approximation
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significantly less precise compared to the actusdsaurement done on a live device, yet
this trade-off can be acceptable for operationat oo facility planning purposes.

The following measurement procedure allows a vetabuild and publish a library of
component-level energy consumption suitable forgrawdget estimates of arbitrary
complex configurations.

Note: The simplistic nature of such representation méamsletailed measurements (i.e.,
subpeak load and port utilization) are not applieabhis procedure concentrates on
obtaining peak energy performance results only.

SUT Preparation

A modular SUT is configured with hardware, softwarel connection topology relevant
for its class of operation (see Appendix B), inghgdthe component (or module) under
test (CUT). The SUT imotrequired to be fully loaded andnstrequired to bear all
modules of the same type. However, it is beneficiahake sure that the energy and
traffic impact of the CUT is minimized comparedhe rest of the system, which is best
achieved in higher-end configurations.

Step 1 (qualification)

The first run determines the maximum load 4« +) that the SUT can be sustain at zero
packet loss. It is recommended to dedigny + to exercise all SUT components
(including CUT) to the highest possible throughpgutailure to do so might significantly
affect test results.

Any methodology is suitable, including binary séafsimilar to RFC2544), heuristics or
known maximum load values. There is no time liroitthis run. The run is complete after
a maximum (lossless) load is determined.

Note: If the test class requires the SUT to be primeti wontrol plane information
(ARP, MAC, route learning, etc.), it should be daméhe idle-time window.

Step 2 (full load)

The second run offers the lobd.x + (identified in step 1) to the SUT for a periodl@00
secondd Energy consumption is being sampled for the emtariod and average system
footprint F. calculated.

Note: Packet loss during this run (if seen) invalidatesmeasurement and resets testing
to first run to provide a better Ly + estimate.

Step 3 (CUT removal)
The CUT should be removed from the SUT at this.si&e SUT and test system
configurations might need to be readjusted to coregie for component removal.

® The measurement interval represents a comproretseebn accuracy and speed. Shorter time intervals
(i.e., 300 seconds) might overestimate the systerfiopnance (via temporary packet buffering) or aapl
capabilities (i.e., system tolerance to heat da&®p before the fans change speed) . Longer measunt
intervals make the testing procedure more expensive

* Please refer to Appendix A for measurement camuitiand qualifications
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The third run determines the new maximum ldagk( -) the SUT can be sustained at zero
packet loss. It is recommended to dedign - to exercise all remaining SUT components
to the highest possible throughput. A failure tosdacan significantly affect test results.

Step 4 (final measurement)

At this step, the loat 1« - (identified in step 3) is offered to the SUT #operiod of 1200
seconds. Energy consumption is being sampled éetiire period and average system
footprint F. calculated.

Note: Packet loss during this run (if seen) invaliddtessmeasurement and resets testing
to the first run to provide a bettep ) - estimate.

At this point, the energy footprint of the CUT da@ approximated:
Fc = F+ 'F_

The same procedure (Steps 1 to 4) can be repesatadray times as needed to build a
component footprint library.

Note: This method is not applicable for nonredundant comets in the critical system
path. Because of this limitation, it is acceptdblesome components (e.g., system chassis
and backplane) to be reported as “base systeméggtg when their individual footprints
cannot be reliably determined.

Test Procedure 4 (Optional Functional Test)
Embedded energy monitoring capabilities

Real-time energy consumption estimates are pivottde designing and monitoring of
energy conservation policies in telecom pointsrespnce and data centers. In the
meanwhile, telecom and datacenter power faciltgpgally do not provide energy
utilization reports with device-level granularityherefore, it is recommended for a
telecom or network system to have the ability tonitoy and record its own energy
consumption with embedded probes and sensorsaléasuseful to report energy
consumption in parallel with system utilization, iefhallows for traffic affinity and
energy pattern analysis.

Note: For time and cost-reduction purposes, this testqulure can be exercised in
parallel with “Test Procedure 1” and “Test Proced2it.

If there is a need to enable or reset embeddedgne@nagement and system utilization
agents or counters on the SUT, this should be gaoeto step 1.

Step 1 (qualification) — this step can be combiwéh “Test procedure 1, step 1”

The first run determines the maximum lo&g ) that can be sustained at zero packet
loss. Any methodology is suitable, including binagarch (similar to RFC2544),
heuristics or known maximum load values. Thereoisime limit for this run.
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The run is complete after a maximum (lossless) Isatktermined.

Note: The following test runs should be separated aithdle time of 300 seconds or
less. If the test class requires the SUT to begutimith control plane information (ARP,
MAC, route learning, etc.), it should be done ia itlle-time window.

Step 2 (full load) — this step can be also combingd “Test procedure 1, step 2”
The second run offers the lobd.x (identified at step 1) to the SUT for a periodl@d0
secondd Energy consumption is being sampled for the emtériod and average
consumptiorE oo calculatel

Average recorded energy consumptitigo for the same 1200 second interval should be
read from the SUT at the end of this run with appaie means (SNMP, DMI (Device
Management Interface), XML agent, command linerfate, etc.).

Optional: Average recorded system utilizatithg for the same 1200 second interval
should be read from the SUT at the end of thiswith the appropriate means (SNMP,
DMI, XML agent, command line interface, etc.).

Step 3 (half load) — this step can be also combimiéia “Test procedure 2, step 1”

Note: It is acceptable to change the SUT configuratiomove components into a low-
power or shutdown state prior to each step frorey&X’ and beyond. This should be
done during the idle-time window.

This test run reduces the lokgax twice (L nair= 0.5 XL max) @nd runs for 1200 seconds.
Energy consumption is being measured for the epéreod and average consumptiegn
calculated. Load reduction is achieveddeynding traffic at full rate to every second port
of the SUTUnused router tester ports can be left idle or dlowin at vendor discretion
Active ports should be evenly mixed with inactivas on the SUT; block designation
(i.e., four active, then four inactive portshist acceptable.

Note: Packet loss during this run (if seen) invaliddtesmeasurement and resets testing
to Test Procedure 1 to provide a bettggdestimate. In this run, the SUTnst required

to be able to return to higher performance levedsantly andnightrequire a

configuration change and recovery period to retarfull capacity

Average recorded energy consumptityg for the same 1200 second interval should be
read from the SUT at the end of this run with thprapriate means (SNMP, DMI, XML
agent, command line interface, etc.).

® The measurement interval represents a comproretseebn accuracy and speed. Shorter time intervals
(i.e., 300 seconds) might overestimate the systenrfiopnance (via temporary packet buffering) or aapl
capabilities (i.e., system tolerance to heat da&mp before the fans change speed). Longer maasuite
intervals make the testing procedure more expensive

® Please refer to Appendix A for measurement camtitiand qualifications.
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Optional: Average recorded system utilizatioigy for the same 1200 second interval
should be read from the SUT at the end of thiswiih the appropriate means (SNMP,
DMI, XML agent, command line interface, etc.).

Step 425% load) — this step can be also combined withast procedure 2, step 2”

This test run further reduces the load.tg (L 25= 0.25 XL max) and runs for another 1200
seconds. Energy consumption is being measurethéagrtire period and average
consumptiorP,s calculated. Load reduction is achievedsending traffic at full rate to
every fourth port of the SUTUNused router tester ports can be left idle or sloutn at
vendor discretionActive ports should be evenly mixed with inactivats on SUT; block
designation (i.e., 4 active, then 12 inactive pagsot acceptable.

Packet loss during this run (if seen) invalidatesmeasurement and resets testing to

Test Procedure 1 to provide a bettggdestimate. In this test, the SUTnet required to

be able to return to higher performance levelsamtty andmightrequire a configuration
change and recovery period to return to full capaci

Average recorded energy consumptity3 for the same 1200 second interval should be
read from the SUT at the end of this run with thprapriate means (SNMP, DMI, XML
agent, command line interface, etc.).

Optional: Average recorded system utilizatiops for the same 1200 second interval
should be read from the SUT at the end of thiswith the appropriate means (SNMP,
DMI, XML agent, command line interface, etc).

Step Yone-tenth ports in use) this step can be combined w/ “Test procedurge]y 3”
This test run further reduces the load_t@ (L 10= 0.1 XL max) @and runs for another 1200
seconds. Energy consumption is being measurethéagrtire period and average
consumptiorPyp calculated. Load reduction is achievedsending traffic at full rate to
every tenth port of the SUUnused router tester ports can be left idle or gloutn at
vendor discretionActive ports should be evenly mixed with inactivats on SUT; block
designation (i.e., 10 active, and then 90 inagbieds) isnot acceptable.

Packet loss during this run (if seen) invalidatesmeasurement and resets testing to

Test Procedure 1 to provide a bettggdestimate. In this test, the SUTnet required to

be able to return to higher performance levelsamtty andmightrequire a configuration
change and recovery period to return to full cayaci

Average recorded energy consumptidmn for the same 1200 second interval should be
read from the SUT at the end of this run with thprapriate means (SNMP, DMI, XML
agent, command line interface, etc.).

Optional: Average recorded system utilizatior, for the same 1200 second interval

should be read from the SUT at the end of thiswith the appropriate means (SNMP,
DMI, XML agent, command line interface, etc).
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Test Procedure 5 (Optional Functional Test)
Collateral energy management

Apart from energy utilization and management with@twork and telecom devices
themselves, they can also have an impact on eerggumption in connected (cascaded)
devices.

Examples of this functionality can include the:

1. Ability to control power states in Power over Ethetr(PoE) connected devices

2. Ability to assist power states in LAN-connectedides (i.e., data center cluster
reconfiguration based on wake-on-LAN signal propaga

3. Ability to control IP and non-IP devices via rematatrol mechanisms (such as
BBF TR-069), including home and office energy monitg and management

This section is a stub for a functional test ofatelral energy management capabilities.

Effective Throughput Calculation

To normalize SUT energy consumption to performatiee)atter number needs to be
represented as throughpiyt Two methods are used to convert laagx (as recorded
during the tests) to effective full-duplex through; (expressed in Gbps).

In the first method, the traffic generator (rouester) report maxas a combination of
egress packet-per-second rate and packet sizesponding to the load. If packet sizes
are variable, the average proportions are to bepated. Next, all applicabl@inimumL2
and L1 overhead are added to compute the effesfingerate at which the SUT performed
in the test.

Note: The idle timeouts inserted by the SUT to comptnka asymmetric test patterns
arenot accounted for.

Example 1

The SUT is an Ethernet switch that can drive te@BdP ports at 7,291,702 frames per
second each with 64Byte Ethernet frames withost lascording to the tester, this
corresponds to 7,291,702 pps egress rate per eardh p

Tr= 10x 7,291,702 x 8 x (64 +1 + 7 + 12) = 49.(BT¥440 Gbps
(accounting for Ethernet start of frame, preaméot&l minimum interpacket gap)

In the second method, the tester equipment its@lfrepori max as the highest achieved
line utilization on a per-port basis (in a perceeta In this method, the well-known line
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rates for selected transport interfaces are midtgddy port utilization to calculate the
final data rate.

Example 2

The SUT is a VPLS edge platform with ten 10GbEsga@AN PHY) on the access side
(toward customer premises equipment) and ten 10g&nEs on the network side (towards
MPLS core network).

The SUT can forward the incoming L2 frames (25@dghch) towards the MPLS core
with egress interface utilization of 100%. Howe\mrcause of the 1:1 matching of access
and network sides, the access side can be utitingdat 99.22% to allow lossless
application of the (minimally) 4-byte MPLS L2 VP&hder required for packets on the
network side. The same limitation is seen in thgosjte direction where the incoming
network-side packets can fill only the access-sitirfaces at 99.22% after the headers
are stripped. Note, that network side (with all mmally required headers) is considered
to be loaded at 100 percent in the egress diredfi@ALS VPN header is considered L2

in this example):

The data rate for 10GbE (IEEE 802.3ae) is 10,00(p#4b
T¢= 10 x 10,000 x 1.0 + 10 x 10,000 x 0.9922 =,229 Mbps= 199.22 Gbps
Example 3

The SUT is an Ethernet switch with eight GbE pahist can operate at 100% line
utilization when configured for 802.1q packet erstdation (VLAN headers applied). The
same switch can operate only at 90% line ratezation when not configured for VLAN
encapsulation.

The measurement results from the second case sbeuiged, because equipment class 3
(Ethernet L2/L3 switch devices) does not requitAN headers to be present and they
are not considered to be a necessary overhead.

Result Representation and Applicability
The array of results obtained in Test Procedurtsdugh 4 forms the energy “passport”

of the SUT and can be used directly by consumerevaluation and energy planning
purposes.

Base Metrics and Device Comparisons

Comparing product metrics allows consumers, ensgprand carriers to add energy
efficiency to purchase criteria. The most straigiwfard way to estimate the technology
level of a network or telecom system is to norn@ltg energy consumption to the highest
sustained throughput recorded in the test.
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ECR = E0of/T; (expressed in W/Gbps)

where
Tt = maximum throughput (Gbps) (See “Effective Thgloput Calculatiof)
E100= energy consumption (watts) measured during ZtefpTest Procedure 1

ECR’ (energy consumption rating) is normalized to W/6hpd has a physical meaning
of energy consumption to move one gigabit worthrad-level data per second. ECR
reflectsgthe best possible platform performancéiwia set of hardware and software
features.

Although ECR is an accurate and quick measure af ®dhnology level, network
systems in the field are unlikely to demonstrateparable efficiency numbers over
sustained intervals. This situation is relatechefact that packet networks tend to exhibit
low long-term utilization numbers coupled with sigrant short-term bursts (peaks),
which causes service providers to size networlastfucture based on the higher end of
traffic profiles and subsequently lose energy &dfficy during off-peak times.

There is compelling opportunity for energy savihgse because vendors can choose to
optimize their products for energy consumptionhia iniddle—rather than at the top—of
their operational load band. This fact can be obtélé in a weighted, variable-load metric,
such as ECR-VL:

o (E100+ P*Esg +7*Ezo+8* Eio+ £*Ej)

ECR-VL =
(0 Ts +P*Tso +7y*Tao+ 8% Tog)
where
Tf = maximum throughput (Gbps) achieved in the meament cycle
Tso=Tf*0.5
T30=Tf*0.3
T10=Tf*0.1

E100 = energy consumption (watts) measured during 2tdst Procedure 1
Eso = energy consumption (watts) measured during 3td@st Procedure 1
Eso = energy consumption (watts) measured during 4tdpest Procedure 1
E10 = energy consumption (watts) measured during4tdest Procedure 1
Ei = energy consumption (watts) measured duriag 6t Test Procedure 1

a, B, v, 8, € are weight coefficients selected sucheasff +y+d +¢) =1

" Energy efficiency can also be reported in GbpsBER); EER = 1/ (ECR)
8 Other ECR denominations can also be used, suéW/ &3 Gbps, W/100 Gbps or Joules/Gb.
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ECR-VL is measured in W/Gbps and has a physicahingaf an average energy rating
in a reference network described by array of w@ilan weightqa, B, v, 9, €).

In this weight arrayq represents a relative weight of a peak-utilizapenod anc:
represents a relative weight of an idle intervalmywhich a network system does no
useful work. All other weights are sized for refatduration of the intervals in between.
An ideal network system following the Barroso’snmiple of energy-proportional
computing [IEEE Computer 2008hould be able to demonstrate an ECR-VL ratingeto b
close to ECR. Therefore, ECR-VL is a measure obdyig (real-time) energy
management capability of a network device

Example 1

The SUT has demonstrated the following results:

Ti = 627.20 Gbps @100= 5,856 Watts

Tso= 313.60 GbpS @502 5,616 Watts

T3p = 188.16 Gbps @E3p= 5,520 Watts

Ti = 0 Gbps @E; = 5,376 Watts

ECR = Ej0dT; =5,856/627.20 9.34 W/Gbps

Consideringz = 0.1,8 = 0.5,7y=0.3, =0, ¢ = 0.1:

ECR-VL = (OC*E100+ ﬂ*E50 + V*E30 +0 *Ei)/ (OL*Tf + ﬁ*T50 + y*T30) =

= (0.1*5,856 + 0.5*5,616 + 0.3*5,520 + 0.1*5,3760(1*627.2 + 0.5*313.6 +
0.3*188.2) = 5587.2/275.968 20.25 W/Gbps

Example 2

Four core routers from different vendors demonstraéihe following results:

Product A Product B Product C Product D
Product class Core router Core router Core router ore @uter
Nominal capacity 640 Gbps 1.28 Tbps 1.6 Tbhps 3.2 Tbps
(vendor rated, half-
duplex)
Tt (measured) 300.1 Gbps 627.2 Gbps 790 Gbps 1.42 Tbps
E100 (measured) 4,501 W 5,856 W 7,990 W 11,360 W
ECR 15 W/Gbps 9.34 W/Gbps 10 W/Gbps| 8 W/Gbps
ECR-VL 30 W/Gbps 20 W/Gbps 12 W/Gbps 14 W/Gbps

® Although no real network can be adequately deedrikith a scalar combination of
weights, a simplified network-utilization profilew still result in a metric suitable to
optimize network and telecom products for load-prtipnal energy consumption
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From this table we can see the effect of normatimaiAlthough Product A has the lowest
energy consumption per system, its relative efficienumbers are the worst in its class.
Likewise, Product D has the highest absolute copsiom but demonstrates the best peak
efficiency. However, the lowest cost of operatiafi probably (depending on traffic
profile) be shown by Product C, which has the dgsamic-energy management
capabilities.

Energy Bill Estimates

It is also interesting to have an estimate of epeansumption over a projected lifetime
(cost of operation). For a reference system desdrily a vector of variable-load
measurements (b, Eso, Eso, E10, Ei), building such an estimate is trivial and &en
expressed by the following equation:

N
C = Xj=1 (@*Ea00+ B*Eso +7*Eao+8 *E1o+ € *E) /1000 * 8765.25 * Gup |

Weights @, B, v, 6, €) are specific to a customer’s netwokkis a projected lifetime (in
years) an@Ciwh jrepresents the cost of kilowatt hours in a yeapefration.

Example 1

Verizon Network Equipment Building Systems (NEB&)pbtance document
[VZ.TPR.9205] estimates its network utilization g¥ds to be4 = 0.35,5 = 0.4,y=0, 6=0,

¢ = 0.25). Assuming a cost of a kilowatt hour tofel in the first year of operation (and
rising one cent every year), the following piecegfipment (LAN switch) would have the
following cost of operation over five years:

T:= 627.20 GbpS @1002 5,856 W
Tso = 313.60 Gbps @s0= 5,616 W
Ts0=188.16 GbpS @302 5520 W
Ti= 0 Gbps @E;=5,376 W

5
C= 2jz1 (¢*Exo0+ fEso+ e *E)) / 1000 * 8765.25 * Gup |

C = (0.35*5,856+0.4*5,616+0.25*5,376) / 1000 * 87@5% * (0.1+0.11+0.12+0.13+0.14)
C = (0.35*5,856+0.4*5,616 + 0.25*5,376) /1000 * 80@5 * (0.1+0.11+0.12+0.13+0.14)
C = (2,050 + 2,246 + 1,344) * 8760.25 * 0.6$29,645

This method gives the estimate based on automati@ble-load) energy management
capabilities of a reference system.

A different kind of estimate can be built upon istéitdle-load) energy savings capabilities
of a network device (if present). For instance, ifAN switch in the enterprise can be
safely degraded to 25% of its port capacity duthegnight time (00:00h to 6:00h) and
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down to 10% during weekends and national holiddyesformula for lifetime energy cost
can be expressed as:

N
C= Ej:]_ (a*P]_oo + b*Pys + C*Plo) /1000 * G i

where

a = number of workdays per year * number of wavkils per day
b = number of workdays per year * idle (off-shifjurs per workday
¢ = number of holidays per year * 24 hours

For most US locatons, the following numbers ardiegiple:
a=261*18 = 4,698 hours; b= 261 * 6 = 1,566 hoars;104 * 24 = 2,496 hours

Example 2

A LAN switch is located in the U.S. and consum@s&W at full load with all ports
passing traffic. It can also be configured for emesaving operation with 25% port
capacity (Bs=5,201 W) and 10% port capacity = 4,225 W). Assuming the 25% port
utilization policy is in place from 00:00h to 0610@very workday and a 10% policy is in
place every weekend and holiday, energy costsfoseyears will be:

N

C= 2j=1 (a*Pioo+ b*P2s+ c*P10) /1000 * Gun |

5
C= Zj=1 (4,698*5,856 + 1,566*5,201 + 2,496*4,22%1000 * Gwn |

Assuming the cost of a kilowatt hour to be $0.th&first year of operation and rising
one cent every year:

C = (4,698*5,856 + 1,566*5,201 + 2,496*4,23%1000 * (0.1+0.11+0.12+0.13+0.14)
C =(27,511,488+ 8,144,766 + 10,545,600) /10006 6.$27,721

Although it might look like the cost of operationtiwvactive idle-load management
(Example 2) is lower compared to the variable-loagabilities built into the SUT
(Example 1), in practice, both methods are compfearg and operate on different time
intervals.

Variable-load energy management capabilities gre&jly modest, but they provide
lossless system operation under all conditiong-llothd management is based on
relatively static (slow) configuration changes anight not be applicable to environments
with unpredictable utilization peaks. Static enenggnagement also requires network
support personnel to take responsibility for politiven capacity degradation and
possible denial of service if the network experesnanexpected utilization spikes. For
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more discussion on relation of silicon technologied time intervals, please refer to
publication [Globecomm 2009].

Site Planning

When planning main and backup power, cooling, gretational budgets for telecom
points of presence, network engineers traditionasky power ratings (agency labels)
provided by network equipment vendors. In practmyer ratings are ill-suited for site
planning because they call for energy reservatiise highest end of a possible energy
consumption. This creates a common problem wheiteopswer capabilities are below
the agency-label levels and it is unclear whethey tan support a newly proposed
network system in a specific (even lightly loadedhfiguration (for more discussion on
rated versus measured energy ratings, see pubhdaiNPR TSBG]).

The following resources are useful for purposesitef planning:

* ValueEjgo which describes the average SUT energy consumptider
highest possible load. When coupled with safetygmar this value can be
used as an upper boundary for energy requiremématseference system with
componets of a same or similar type.

* When a vendor does not provillgyy measurements for a specific SUT
configuration of interest, this value can be apprated from a sum of
required components (provided that component fauipiFci were published).

Example 1

A deep-packet inspection system is rated at 4558f Waximum energy consumption
rate. The same device was measurdeh@= 3400 W in a reference configuration.

Question: Can this equipment be installed in a cabinet wj600 W of power and
cooling capacity?

Answer: Yes, unless a vendor says otherwise. The riskibehat the future
generations of hardware available for the sameesystight not fit into the currently
measured energy buddeioo.

Example 2

A modular edge router is measuredai,= 4,900 W in a reference configuration with
all slots filled by line cards (10 slots x quad4b®@GbE cards).

Question: What is the energy budget for the same systemamy four slots
occupied by the same quad-port 10GbE linecards?

Answer: This question can be answered with “Test Proce8urgor instance, if a
full system consists of five component types, sagltbase (C1), fabric (C2), routing
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engine (C3) and line cards (C4) and vendor providddgsF:; Fc, Fcs Fes, the
approximate system energy footprifibomight look like this:

Fi00=(Fc1 + Fe2 + Fes + 4*Fca)

Functional Compliance

Test Procedures 4 and 5 are intended for functicoralpliance testing with pass/fail
criteria. This functionality can be used to undamst;, plan for and manage the energy
consumption within a telecom network and arountdath at the enterprise (LAN, data
center) and consumer (home LAN, “Smart Home”) Isvel

In Test Procedure 4 (embedded energy-monitoringlulifes), the externally measured
energy consumption valueSigo, Pso, P2s, P1g) should be compared to valué; o, Rso,
R2s, Rig). reported by the SUT. The adjusted result shoulttetate to effective
consumption with acceptable precisiari@% or less) across all measurement points;
Upon vendor approval, a static offset can be add&lJto compensate for electronics not
covered by embedded power monitoring circuitry.

Comprehensive, device-level energy consumption taong across the entire telecom
network help to identify opportunities for operai#b energy savings. Likewise, externally
recorded load in the test (wherk nax = 100% SUT utilization) should correlate to
valuesU reported by the SUT. Upon vendor approval, acstdfset can be added or
subtracted to adjust for load calculation algorishemployed by the SUT.

The knowledge of a system with respect to the fimedk critical for planning the static
energy management routines (seeérgy Bill Estimats”). Test Procedure 5 describes
the value-add functionally that might be preserthin SUT.

Reporting Format

This document does not endorse a specific repoftingat. However, it is worth noting
that any results that are collected under this oditogy are intended to be fully
reproducible by independent test laboratories thisrreason, the minimum set of results
(beyond the actual measurementsepuired to include the following documentation:

1 All SUT software versions, hardware board revisiand device
configurations used during the test. All commanuisliad to SUT for
purposes of static reconfiguration (Test Proce@)m@ run-time queries (Test
Procedure 4) should also be provided.

2 Traffic generator/measurement tool passports, betlage in power feeds
and ambient (environmental) conditions at test site

3 The test setup should be fully described, includopplogy, the choice of
offered load structure and test actions withinregeaof possible choices.

Note: The use of preproduction hardware and softwar@udgposes of public testing is
discouraged. Public references to energy performassessments done under this
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methodology should either refer to hardware anthso€ widely available commercially,
or be labeled as “experimental”.

Note: Test results not supported by required documemidtiee above) are assumed to
be incomplete.
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APPENDIX A: Measurement Conditions

A.1 Temperature

The equipment should be evaluated at an ambiemqearture of 25° +3°C. The SUT itself
should stay offline or operate at this air tempaefor no less than three hours prior to the
test. No ambient temperature changes are allowtidhmtest is complete.

A.2 Humidity
The equipment should be evaluated at a relativeditynof 30% to 75%.

A.3 Air pressure
The equipment should be evaluated at site pressiveeen 860 to 1060 mbar.

A.4 DC voltage
The input to the SUT (all active feeds) should ba aominal DC voltage +5%.
This corresponds to -53 £2.65 V for typical telecfamilities.

A.5 AC voltage and frequency
The input to the SUT (all active feeds) shouldhmegpecified voltage +1% and the specified
frequency £1%

A.6 Metrology requirements

Every active power feed should have the power (amgtgr installed inline with desired
accuracy no less than £1% of the actual power gopsion. This should include correction
for power factor (PF) on AC feeds.

A.7 Sampling frequency

All energy consumption calculations are based @ragying multiple readings over the course
of measurements. Power meters should be able dupemo less than 100 evenly-spaced
readings in every full test cycle duration.
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APPENDIX B: Proposed Product Classes and Test Applications

Disclaimer: For the purposes of public testingphdtforms should be tested with
publicly available (shipping) software images, pellglavailable (shipping) board
hardware revisions and fully documented and supdaronfigurations.

Topologies in Use

T1 (full mesh)
Symmetric full-mesh topology (same-bandwidth taffiream from every port to every

port).

This topology is applicable to equipment with eqo@idt roles and minimal internal
oversubscription, such as core routers and cdtlegrnet switches (Fig. 1).

A A

Traffic
Generator

SUT

YYvYy

Lijis

N YYY

e T &
EY

~

AC/DC
metering system

Figure 1. Full-mesh connection topology

T2 (dual-group partial mesh)

The ports on the SUT can be organized into netwarkaccess groups according to
vendor discretion. Every network side port showdccbnfigured to send to every access
side port and vice versa. All traffic streams oaleside (network or access) are required
to be of the same capacity. No traffic is allowetMeen ports of the same group (Fig. 2).
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Figure 2. Dual-group partial mesh topology

This topology is applicable to various aggregatod edge transport devices where
traffic from one side (user or access) is groonreioneled over to the other side
(network). Note, that in this topology, the sunfaxfe values of the “user side” ports can
be significantly higher than sum of “network sigedrts due to oversubscription.
However, for purposes of throughput calculatiorly@ustained egress data rates are
accounted for.

Class 1—Routers
C1.1 Core Routers

Description: Core routing platforms are systems with terétaf-duplex) or higher
capacity and comprehensive system redundancy. diteegesigned to provide line-rate
performance in network cores with minimum functigpacket lookup and
forwarding/switching). Core routing platforms comevarious form factors in standalone
and multichassis enclosures

Quialification: 500 GBps or better full-duplex capacity, IP amdVIPLS support

Test application: IPv4, IPv6 or MPLS forwarding at discretion betvendor;
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L3 packet size (MPLS considered L3): 340 Bytes (daiMix average) or smaller;
forwarding over any types of forwarding entriegfit connected, IGP, EGP)—no less
than 64 active routes

Interface types SONET, 10GbE or 100GbE as designated by theore®RR optics
Redundancy For the purposes of testing, all redundant camepts (fabric, routing
engines, power supplies, memory cards, stwuld be preseri the system

Test topology T1

C1.2 Carrier Edge Routers/Ethernet Service Routers

Description: Carrier-grade edge routing platforms
Qualification: (IP and/or MPLS) VPN capability

Test applications: IPv4/IPv6 VPN, Ethernet pseudowire (PWE) or VRbBvarding at
discretion of the vendor; payload packet size: Bys (simple iMix average) or smaller;
(IPv4, IPv6 or Ethernet frames as delivered to/fiemroess side are considered to be
payload); forwarding over any types of forwardimgrees across no less than 128 VPN
instances, with no less than 2048 separate VPNhdéshs active in total (PWE circuits,
VPLS hosts, IP VPN routes)

Interface types At vendor discretion

Redundancy For the purposes of testing, all redundant camepts (fabric, routing
engines, power supplies, memory cards, stwuld be presernh the system.

Test topology T2. For purposes of VPN forwarding test, evergess-side port should
belong to all VPN instances

Example 1 An Ethernet Services Router has twenty (20) GIEs pn the access side
and two (2) 10GbE ports on the network side. Eeegess port on the SUT is divided
into 128 VLANS, each VLAN belonging to one of & \IPLS instances configured. The
router tester simulates no less than one MAC addfgsulated host) per each local
(access side) and remote (network side) Etherrggheats. Router tester simulates one
remote PE (with 128 VPLS segments) connected toaabe two network-side ports of
SUT

In the traffic profile, every simulated host on tass side” sends two (2) equal-rate
streams towards ‘network side” (one per remote HRJery simulated host on the

“network side” sends twenty (20) equal-rate streaiowards “access side”, one per
every “access side” port

C1.3 Multipurpose Routers

Description: Routing platforms of variable purposes (enterpresige, etc.)
Quialification: Any type of L3 packet forwarding
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Test applications: IPv4 or IPv6 forwarding at vendor discretion. L&cget size: 340
Bytes (simple iMix average) or smaller; forwardiomger any types of forwarding entries,
no less than 16 K active routes

Interface types Electrical or optical at vendor discretion
Redundancy For the purposes of testing, redundant compsnmaightnotbe present
Topology. T1 or T2 at vendor discretion

Class 2—WAN/Broadband Aggregation Device
C2.1 BRAS Devices

Description: Legacy broadband aggregation devices

Qualification: Point-to-Point Protocol over Ethernet (PPPoE)nf-Point Protocol
over ATM (PPPoA) or Point-to-Point Protocol (PPRMen termination. Quality of
service (QoS) provisioned at subscriber level

Test applications: PPPoE, PPPoA, PPP forwarding at discretion ovémelor;

L3 packet size: 340 Bytes (simple iMix average¥maller; forwarding over any types of
per-subscriber entries, no less than 64,000 sudessrivith no less than 4 queues assigned
to each

Interface types Short reach (SR) optical at vendor discretion

Redundancy For the purposes of testing, all redundant corepts(fabric, routing
engines, power supplies, memory cards, stwould be presern the system.
Topology: T2

C2.2 BNG/Common Edge devices

Description: Broadband aggregation devices, Ethernet-oriented
Quialification: PPPoE, PPP or IP DHCP session termination ,yiecsiber QoS

Test applications: IP DHCP, PPPoE, PPP forwarding at discretion efviendor;

L3 packet size: 340 Bytes (simple iMix averageymialler; (measured as IPv4 or IPv6
payload to/from access side); forwarding over aqpgs$ of per-subscriber entries, no less
than 64,000 subscribers with no less than 4 quassgned to each

Interface types SR optical at vendor discretion

Redundancy For the purposes of testing, all redundant camepts (fabric, routing
engines, power supplies, memory cards, stwuld be presen the system
Topology: T2

Class 3—Ethernet L2/L3 Switches
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C3.1 Core/Datacenter Ethernet Switching Platforms

Description: High-performance Ethernet switching platforms

Qualification: L2 (Ethernet or MPLS) forwarding, L3 (IPv4 or Bforwarding).

Test application: L2 or L3 forwarding at vendor discretion; paylgaatket size: 340
Bytes (simple iMix average) or smaller L2 or L3rfras; forwarding over any types of
forwarding entries and encapsulation types

Interface types SR optical (10/200/1000MbE or 10/100GbE) at erdiscretion.
Redundancy For the purposes of testing, all redundant camepts (fabric, routing
engines, power supplies, memory cards, stwuld be presern the system
Topology: T1

C3.2 Desktop/Aggregation Ethernet Platforms

Description: Ethernet switching platforms

Quialification: L2 (Ethernet) forwarding, IPv4, or IPv6 forwardin

Test application: Ethernet, IPv4/v6 forwarding at vendor discretipayload packet
size: 340 Bytes (simple iMix average) or smallerdrd.3 frames; forwarding over any
types of forwarding entries and encapsulation types

Interface types Copper or SR optical (10/100/1000/10GbE) at wemtiscretion
Redundancy For the purposes of testing, redundant compgam beremoved.
Topology: T2

Class 4—Experimental

Placeholder for any equipment type are not assigmedoarticular class.
Results in this category can be reported along prigitise description of the test
methodology, topology, traffic profile and proto@alnfiguration

Class 5—Security Appliances (DPI, Firewalls, VPN Ga teways)

Description: Security platforms of variable purposes (IPse®NYVRTTPS, deep packet
inspection (DPI), intrusion detection service (ID&x.)

Qualification: L3 forwarding, security features

Test application: IPsec or HTTPS, minimum number of firewall or GBiwarding rules
at vendor discretion; 340 Bytes (simple iMix avexpgr smaller L3 packets

Interface types At vendor discretion

Redundancy For the purposes of testing, redundant comparoamt beremoved.
Topology: TBD

Class 6—Application Gateways (Layers 5 Through 7 Ac  celerators,
Load Balancers)

Description: Application platforms of variable purposes (setead balancer [SLB],
accelerators, compressors)
Qualification: Application-specific features
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Test application: User traffic at vendor discretion (need more ijigakion for setup);
340 Bytes (simple iMix average) or smaller L3 pdske
Interface types At vendor discretion

Redundancy For the purposes of testing, redundant comparoam beremoved
Topology: TBD
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