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Abstract—Energy efficiency in communications, and particu-
larly Ethernet, is becoming an important research area. The IEEE
802.3az energy-efficient Ethernet standard has already proposed a
mechanism to reduce energy consumption on copper-based physi-
cal layer devices. This mechanism exploits the well-known fact that
end-user links are usually lightly loaded, and that important energy
savings can be achieved, if the device is put into a low-power sleep-
mode whenever no frames are pending for transmission. This study
pursues a two-goal purpose: firstly, it aims to evaluate whether such
an active/sleep dual-state mode is suitable for high-rate optical Eth-
ernet links as defined in the upcoming IEEE 802.3ba amendment
that specifies the lower layers of 40- and 100-Gigabit Ethernet.
Secondly it proposes to use an algorithm that dynamically ex-
ploits the multilane architecture of the high-speed optical trans-
port layer. As it is studied throughout the paper, the two-state
active/sleep-based mechanism may not achieve energy savings,
while a load-based dynamic lane management enables energy re-
ductions for a wide range of input traffic loads. A commercially
available 100GBASE-SR10 module is used as case study for the
analysis.

Index Terms—Networks, network interfaces, optical commu-
nication equipment, optical fiber communication, reconfigurable
architectures.

1. INTRODUCTION

T PRESENT, Ethernet is the most widely deployed tech-
A nology on wired LANs, apart from an already large in-
stalled base, with over a hundred million devices shipped every
year [1]. Ethernet supports a wide variety of physical media
ranging from unshielded twisted pairs (UTP) commonly used in
office buildings to optical fibers used in high-performance appli-
cations and backplanes to provide connectivity among different
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modules of a large system. It also supports different link speeds,
which are currently standardized at bitrates from 10 Mb/s go-
ing up to 10 Gb/s per order-of-magnitude. That traditional ten-
fold increment is continued with the upcoming IEEE 802.3ba
amendment; however, an intermediate line rate of 40 Gb/s is
also supported, next to the expected 100 Gb/s [2]. The 100-
Gigabit Ethernet (GbE) line rate targets network aggregation
applications, while 40-GbE targets computer and server appli-
cations. It has become apparent that both segments show differ-
ent growth rates, bandwidth requirements, market potential, and
cost/performance balance, and therefore, the necessity for two
bitrates is justified in order to provide a significant bandwidth
while maintaining maximum compatibility with the installed
base of 802.3 interfaces and the earlier investment made in re-
search and development [3].

The evolution toward higher bitrates comes with a cost in
terms of increasing circuit complexity which, intuitively, im-
pacts the total energy consumption of the system. In general, the
power usage tends to increase as the line rate grows. A recent
publication by The Climate Group reported the carbon footprint
of the whole information and communication technology (ICT)
sector, as divided into PCs and Peripherals, Telecoms Networks
and Devices, and Data Centers, to be 2% of the estimated total
emissions by human activity in 2007 [4]. This number could
grow to 6% in 2020 covering both the embodied carbon and the
footprint from use. Given the widespread adoption of Ethernet
in the ICT sector, significant energy is readily consumed by
Ethernet modules worldwide. Hence, if the energy consumption
per operational Ethernet device is reduced, regardless how small
the amount, large aggregated energy savings are obtained [5].
This reduction is possible, since most existing Ethernet physi-
cal layers (PHYs) continuously transmit signals on the link to
keep the receivers synchronized and adapted to channel condi-
tions, even if there is no data to send. Thus, Ethernet devices
typically consume the same amount of energy, no matter how
much traffic load they carry. It is clear that this mechanism can
be improved. Another issue is that the power consumption of
Ethernet PHYs increases with speed. This is due to increased
transceiver complexity with each new speed. This results in a
larger energy consumption when higher speeds are used [5].

The IEEE 802.3az energy-efficient Ethernet (EEE) standard
aims to make the consumption of energy over a link propor-
tional to the amount of traffic exchanged [6]. To this end, EEE
defines a low-power mode referred to as low-power idle (LPI)
mode. The PHY is put into this sleep mode when no frames
are pending for transmission and awaken very quickly upon
data arrival without changing the line rate. The LPI mode stops
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transmission and enables elements in the receiver to be frozen.
When new frames arrive, the link is activated within a few mi-
croseconds. Such sleep/active operation requires minor changes
to the receiver elements, since the channel is quite stable. Ad-
ditionally, periodic refresh intervals are scheduled in such sleep
mode to keep the receivers synchronized and adapted to channel
conditions at all times. The EEE standard currently focuses on
the most common Ethernet PHY's, covering those that use UTP
as a physical media, namely, 100BASE-TX, 1000BASE-T, and
10GBASE-T. Also backplane PHYs, the XG media-independent
interface (MII) extended sublayer and 10-Gb attachment unit in-
terface are included in the standard. It is worth mentioning that
both the IEEE 802.3az and IEEE 802.3ba study groups have
readily started exchanging information and the identification
of key considerations to improve energy efficiency in 40 and
100 GbE [7].

In EEE, significant energy consumption is only attributed to
the active mode and while making a transition between the active
and the sleep modes. The usage is significantly reduced when
the transmitter is in the sleep mode and savings up to about
90% can be achieved. Accordingly, significant savings will be
achieved for links that remain in the sleep mode most of the time.
However, the transition times between the two power modes are
in the order of microseconds, and therefore, comparable or even
larger than frame transmission times. In [8], an initial evalua-
tion of EEE is presented showing that it achieves significantly
lower energy consumption in very lightly loaded links, i.e., sig-
nificantly less than one percent, while the savings are smaller
for links with a load above a few percent of the link capac-
ity. The first situation is common in links that connect desktop
computers, while the second are typically encountered in server
networks. Finally, it was concluded that mode transitions could
result in a large overhead when EEE is introduced [8].

As discussed earlier, the higher Ethernet line rates will most
likely infer a higher energy consumption, and therefore, it seems
interesting to explore options to improve the energy efficiency of
this new generation of Ethernet PHYs. Among the PHY's speci-
fied in 802.3ba, several options for an optical transport layer are
proposed. One common denominator is that it has been decided
to use multiple lanes, which operate at a lower baud rate instead
of having a single serial connection at the line rate. Such consen-
sus was reached because currently low-cost serial architectures
at 40 and 100 Gb/s are not yet available, and therefore, existing
10-Gb/s technology can be leveraged [9]. However, opting for
multiple lanes may in turn slow down the development and de-
ployment of serial architectures. To that respect, it was recently
announced that a separate study group (IEEE 802.3bg) is estab-
lished to design the 40 Gb/s serial physical medium dependent
(PMD) sublayer in order not to slow down progress on the IEEE
802.3ba Standard, which is to be delivered in mid-2010.

In this study, the multilane approach in 802.3ba is exploited,
for the first time, in order to reduce the energy consumption
of the transmission system. Two alternatives for the implemen-
tation of energy-efficient mechanisms for the 802.3ba optical
PHYs are evaluated on their feasibility and impact via numeri-
cal simulations. First, the extension of the approach used in EEE
is evaluated showing that it would provide a poor performance.
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Fig. 1. Generalized IEEE 802.3ba architecture. MAC: medium access con-
trol; MII: media-independent interface; PCS: physical-coding sublayer; PMA:
physical-medium-attachment sublayer; PMD: physical-medium-dependent sub-
layer; PHY: physical layer.

Then, a new approach is presented that dynamically activates
the lanes of 802.3ba PHYs depending on the experienced load.
This alternative is analyzed using real traffic traces. Measured
data on the power consumption of a commercially available
100-GbE module are presented. In conclusion, load-based mul-
tilane handling is a straightforward technique to potentially pro-
vide energy savings in a wide range of 802.3ba-based network-
ing scenarios.

The remaining of this paper is organized as follows: Section II
provides a brief introduction to the IEEE 802.3ba architecture.
In Section III, the use of a two-mode approach as the one used
in EEE is evaluated in case of 40 Gb/s and 100 Gb/s. Then
in Section IV, the proposed adaptive multilane approach is de-
scribed and its performance is evaluated in Section V. Finally,
the conclusions are presented in Section VI.

II. IEEE 802.3BA 40-GB/S AND 100-GB/S ETHERNET
A. Overview

A generalized overview of the IEEE 802.3ba architecture
is shown in Fig. 1. The 40-Gb/s and 100-Gb/s PHY im-
plementations are generally referred to as 40GBASE-R and
100GBASE-R [9]. The MII provides the logical interconnec-
tion between the medium access control (MAC) and the PHY
sublayers, and either an XLGMII or the CGMII is present in
Fig. 1 for 40GBASE-R or I00GBASE-R, respectively. A down-
stream implementation is considered in the following to explain
the principle of operation of the physical-coding sublayer (PCS),
physical medium attachment (PMA), and PMD sublayers. Gen-
erally speaking, 40GBASE-R and 100GBASE-R only differ in
the number of lanes and the lane baud rate.
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The PCS handles the data coming from the MAC by encoding
eight data octets into 66-bit 64-B/66-B blocks. These are then
distributed toward the PMA via a round-robin principle [ 10], that
is, a first 64-B/66-B block is sent to PCS lane 1, a second to lane
2, etc., and over again starting with lane 1. At the receiver side,
the blocks may be received in any order, and skew is resolved
by using lane markers. The 40GBASE-R PCS has four lanes at
a baud rate of 10.3125 Gb/s, while the 100GBASE-R PCS has
20 lanes at 5.15625 Gb/s.

The PMA layer allows the PCS to be interconnected in
a media independent way with a range of PHYs. It can be
implemented in one or more segments to allow for differ-
ent configurations at the PMD. However, the 802.3ba Stan-
dard explicitly mentions that the number of input and output
lanes of each PMA segment should always be a divisor of the
number of PCS lanes (Npcg). Consequently, the number of
PMA lanes, and thus the number of PHY lanes, is limited to
Nppy = {17 2,4, 5,10, 20} with Npygy < Npcs. In case of
the commercially available 100GBASE-SR10 C Form-factor
Pluggable (CFP) module considered in this paper, Npyy equals
to 10; therefore, for each two ingoing PCS streams, the PMA
layer has an outgoing 10.3125 Gb/s stream [11]. In the remain-
ing, this module is referred to as module A, where each lane has
its own fiber.

Finally, the PMD maps the incoming PMA data streams onto
a matching amount of PHY lanes. The PMD architecture may
be implemented in eight different ways depending on the line
rate, distance, and transmission medium [10]. Here, the focus is
on PMDs with optical PHYs.

B. Selective Lane Activation

All eight different PMDs defined by the 802.3ba amendment
have an option termed “PMD lane by lane transmit disable func-
tion” which is an optional functionality depending on the imple-
mentation of the management data input/ouput (MDIO) inter-
face. The MDIO specification of the CFP multisource agreement
(MSA) provides more information on how such functionality is
handled in their hot pluggable optical transceiver modules [12].
Module A does support selective lane activation according to
the CFP MSA.

The status of individual PHY lanes can be controlled by
adjusting the entries of the “individual network lane TX_DIS
control”-register in volatile register 1 (VR1). The latter is read
when the CFP module is driven into the “TX-turn-on State”
which is a final transition to the “ready state.” Furthermore, it
is mentioned in [12] that any lanes that are disabled shall re-
main disabled after the module enters that state, and that any
changes in TX_DISs shall be ignored by the register. In other
words, the CFP MSA MDIO specification allows selective lane
de-activation, but only when the module initializes and not dur-
ing the uptime. It can be concluded that, at the time of writing, a
dynamic lane handling is not supported by the MSA. Draft ver-
sion D3.2 of the 802.3ba amendment (March 24, 2010) does not
specify such support during operation, because it is unambigu-
ously mentioned in Clause 45.2.1.8: “Disabling the transmitter
on one or more lanes stops the entire link from carrying data”.

The reader should take note that selective lane activation or de-
activation during the uptime of module A is technologically not
prohibited. It is, therefore, that in the remaining of this study, it
is assumed that the aforementioned flexibility is available at the
optical PHY. The incentive of allowing this by the CFP MSA and
the 802.3ba amendment is provided in terms of significant im-
provements in energy efficiency. A first suggestion was recently
made by authors in [20].

III. EVALUATION OF EEE APPLIED TO 802.3BA HIGH-SPEED
OPTICAL LINKS

The most obvious approach to improve energy efficiency in
the 802.3ba PHYs is to extend the mechanism defined in EEE.
That is to employ a low-power mode such that when there is
no data to transmit, the link is put into that mode. Then, when
data arrives, the link is activated again. The effectiveness of this
approach is limited by the overhead involved in the transitions
between modes, as discussed earlier. For optical PHYs, the tran-
sition times are generally much larger than for copper PHY's due
to a more complex circuitry to stabilize the channel. Values be-
tween 1 and 2 ms are reported in [13] and [14] while transition
times well below a millisecond are considered for all copper
PHYs in EEE, that is, until a bitrate of 10 Gb/s [6]. As the frame
transmission time will be smaller in the high-rate 802.3ba links,
the relative overhead of the transitions would be even larger. The
CFP MSA MDIO specification defines preliminary maxima of
150 ms for the response speed of the MDIO interface, if a single-
state change occurs. Module A has a maximum “power on time”
of 100 ms, which involves three transitions, if the device goes
from the “reset state” to the “ready state”. In any case, a state
transition can be realized much faster on a hardware level. Fi-
nally, the expected load for these high-rate links is higher than
observed in low-rate links that connect desktop computers. This
means that transitions will occur frequently thus wasting a lot
of energy. This reasoning is confirmed in the following by the
analysis of different trace measurements. The aforementioned
discussion assumes that significant energy is consumed during
the active/sleep mode transitions in optical PHY's, which is mo-
tivated in [8].

To show that the EEE approach would provide poor perfor-
mance in 802.3ba optical links, a number of traces are now an-
alyzed. The frame interarrivals and lengths are used to compute
the amount of time at which the link would stay in the low-power
mode, if the EEE approach was used. To do so, it is assumed
that as soon as there are no frames to transmit the link is put into
low-power mode and when a frame arrives for transmission, it is
awaken to send the frame. This minimizes the additional frame
delay due to EEE. The energy consumption is then calculated
assuming that the energy consumption in low-power mode is
a small percentage of that of the active mode. For example,
Reviriego et al. [8] report a fraction of 10% for all PHYSs in [6],
while the CFP module in this study consumes around 1.3 W
in the “low-power state,” which corresponds to about 20% of
the “ready state” having all ten lanes active. Furthermore, the
energy consumption during state transition is assumed equal to
the usage in the active mode [8]. The sleep/active transition time
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TABLE 1
ENERGY CONSUMPTION ESTIMATES FOR DIFFERENT SCENARIOS
Scenario Direction Energy Link | Aver. frame
(% of peak) load size (Bytes)
Data center: File Input 81.68 1.22 87
and search server Output 82.58 52.21 1497
Data center: Input 81.33 8.51 945
Search server Output 79.25 7.23 934
Data center: File Input 90.01 0.65 130
and app. server Output 90.73 4.02 749

is taken 2 ms for the optical transceivers in EEE. Such value is
also expected for the lane assertion time on a hardware-level of
the CFP MSA modules [15].

In the first numerical experiments, traces from 1-Gb/s links
will be used to measure the energy consumption when the larger
transition times are used, that is, compared with the ealier anal-
ysis done in [8] for copper PHYs. The 1-Gb/s traces are the
same as used in the EEE performance evaluation and correspond
to different types of servers in a commercial data center [8].
The results obtained in this numerical experiment are shown in
Table I. It can be observed that for low loads, power consump-
tion is close to that of the active mode. This means that even
for lightly loaded 1-Gb/s links, poor energy efficiency will be
achieved, if EEE mechanisms are applied to optical links due to
the larger transition times between modes. For links at 40 Gb/s
or 100 Gb/s, the energy consumption would be even worse as
for the same load level many more frames will be send, causing
the link to change modes continuously.

To confirm the results, a second analysis was done using
traces from a 10-Gb/s optical link. The monitoring equipment is
located at Equinix data center in San Jose, CA and is connected
to an OC192 backbone link of a Tierl internet service provider
(ISP) between San Jose and Los Angeles. This ISP has multiple
OC192 links between these cities and the load balancing is
done per flow. The traces are described in [16] and available
through the cooperative association for internet data analysis
(CAIDA). The link load in the traces varies from 10% to 15%
of the link capacity. The maximum frame interarrival time has
been measured and it was observed that in all traces, there was
not a single millisecond without a frame being transmitted. This
means that if EEE mechanisms were used, the link would never
be in low-power mode. The link rates in 802.3ba are 40 Gb/s
or 100 Gb/s, so the situation will be even worse. In Fig. 2,
the average frame interarrival time in the analyzed traces are
shown. It is interesting that the average frame interarrival time is
afew microseconds in all traces. This means that even transition
times in the order of microseconds would achieve poor energy
efficiency. As an example, if the transition times specified in the
EEE standard draft for I0GBASE-T (below 5 us for activation
and deactivation) are used, a consumption of at least 80% that
of the active mode is obtained for all the traces. Therefore, even
if the transition times for the optical PHY's could be reduced by
two orders of magnitude, the performance of the EEE approach
would still be poor. From the simple numerical experiments
that have been discussed, it becomes apparent that the approach
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Average frame inter arrival times in a 10-Gb/s optical link for different

used in the EEE standard will not be effective for 802.3ba high-
rate links. In the following section an alternative approach is
proposed.

IV. MULTILANE APPROACH FOR ENERGY-EFFICIENT IEEE
802.3BA HIGH-RATE OPTICAL LINKS

An alternative to achieve good energy efficiency in high-speed
optical links is to exploit the multilane architecture of 802.3ba
PHYs. This can be done by selectively activating some lanes
while others are kept in low power mode. This is similar to the
techniques proposed in [17]-[19] to improve energy efficiency
in link-aggregated groups using the IEEE 802.3ax Standard [1].
In that case, links in a link-aggregated group are active or idle
depending on the traffic load, and the aggregation is done above
the MAC layer, while in the case considered here, the lanes are
inside the PHY layer. For link aggregations, transitions between
active and standby modes of the links require coordination be-
tween the link partners using link aggregation control protocol.
This means that transitions would require a relative long time.
Additionally, links are managed as a whole, that is, both link
directions are active or idle, but there is no possibility to have a
link active in one direction and idle in the other. The proposed
approach does not have those limitations, as transitions can be
done faster and for each link, directions are managed indepen-
dently. Finally, in a link aggregation, traffic distribution among
the links is quite complex [1], while in the approach in this
study, the distribution is done in a simple round-robin fashion,
as described in the IEEE 802.3ba Standard.

This study assumes that the CFP MSA and IEEE 802.3ba
have adopted dynamic lane handling during uptime. Then, the
proposed approach is schematically introduced in Fig. 3 with a
flowchart. A traffic measurement/estimation algorithm is used
to estimate the traffic load, and from that, the required number of
active lanes is determined. A wide number of alternatives can be
used to estimate the traffic load. This study proposes a solution
for this problem. The optimal solution for all traffic situations
is out of the scope of this paper. To determine the number of
active lanes, thresholds can be used such that when the load
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Fig. 3. Flowchart of the proposed technique.

exceeds a threshold, a lane is activated, and conversely, when
the load is lower than a threshold, a lane is put in idle mode.
This activation/deactivation process reduces the total amount of
power consumed by the devices. To select the thresholds, the
implications on the frame delay and discard probability should
be considered. For example, the number of active lanes should
never exceed a given percentage of load (say in the range of
60%—-90%), otherwise, the delay experienced by the packets
may be excessive, according to basic queuing theory [21].

As shown in Fig. 3, the proposed method has three main steps:
1) measure the traffic load; 2) determine the number of lanes;
and 3) update the number of required active lanes. Regarding
the first step, the well-known exponential-weighted moving-
average (EWMA) algorithm is considered in order to estimate A,
which represents the number of packets per second. Essentially,
the EWMA algorithm proceeds as follows: for every new packet
arrival with interarrival time x,, with respect to the earlier packet
n > 1, the average interarrival time is estimated as follows:

. R 1

TS R T
where W is the weighting factor. Then, the estimated packet
arrival rate A = (&, )" is calculated after choosing a suitable
value for W. The reader should note that A = 1/FJ[x,]. The
choice of parameter W influences the “memory” of the packet
arrival rate estimation, that is, small W gives more importance
to new samples than large . On the other hand, a large W
provides a smoother estimate of A. An estimate of the average
frame length is required in order to estimate the load next to the

interarrivals. This is also done using an EWMA algorithm.
The second part of the algorithm in Fig. 3 determines how
many lanes should be active. Accordingly, a threshold-based
mechanism is proposed in which the decision to activate a lane
is based on the amount of incoming traffic that must be han-
dled. A certain percentage of the lane occupation thyp should
be exceeded before a lane activation command is passed on to
the final step of the algorithm. Similarly, a lane deactivation
threshold is defined thpown, in case the load drops to a certain
level with thyp > thpown. A double threshold is used to avoid
instability when the load is close to thyp. Finally, the algorithm

n-1+ ey

then decides to keep the same number of lanes, or to de-activate
a lane. The latter involves a lane assertion time, which is ex-
pected not to be larger than 2 ms on a hardware level for CFP
MSA modules [15]. Recall from Section III that the MDIO re-
sponse speed on state transitions is typically much slower due to
latency of the bus and controls. It is worth mentioning that, for
example, the MSA of the small form factor pluggable hot plug-
gable 10-Gb/s module also recommends a 2 ms value for the
maximum turn-ON time of the optical channel [22]. Such value
is used in this study to represent a worst case scenario. The
lane deassertion time is expected not to be longer than 100 us
on the hardware level [15]; however, longer times may be ex-
pected for long-range dense wavelength division-multiplexing
configurations.

V. PERFORMANCE EVALUATION
A. Simulation Parameters

A Poisson model is assumed for the frame arrivals, which is
consistent with existing studies of high-rate links that carry ag-
gregated traffic [23]. Analyzing the complementary cumulative
distribution function of the interarrivals, the publicly available
network traces of CAIDA [16] used in the earlier section have
been confirmed to show approximately exponentially distributed
interarrivals so that the Poisson model is a reasonable approx-
imation. Accordingly, the model-based evaluation is comple-
mented with simulations done with the CAIDA traces in order
to countercheck the results. The frame lengths are taken as expo-
nentially distributed with an average length of 600 B. This frame
length corresponds approximately to the average frame length
observed in the CAIDA traces. The parameter W is set to 1/512
and 1/1024 for the 40 Gb/s and 100 Gb/s, respectively. The aver-
age frame length estimator employs a much lower value, namely,
W = 1/16384. The lane deactivation threshold thp o wy is set to
60% in all simulations, while the lane activation threshold thyp
is varied between 70 and 90% in steps of 10%. Regarding the
CFP module of [11], the energy consumption in the sleep mode
and the lane de-activation times have been reported in earlier
sections. Deasserting lanes for symmetric traffic saves around
500 mW per lane, which includes the transmitter and receiver.

B. Energy Savings

To estimate the energy savings, a simple analysis is presented
that assumes a static link load and the number of active lanes
is set ideally by the algorithm. Using these assumptions, Fig. 4
compares the power usage when the traffic load is increasing
for the legacy Ethernet and the adaptive multilane solution. It
is shown that the threshold value thyp greatly impacts on the
number of lanes used and, consequently, the total energy con-
sumption of the system. Depending on such value, the system
can save more or less energy, but significant savings are achieved
in most cases compared to the existing standard.

To further evaluate the potential savings of the multilane ap-
proach, a scenario with asymmetric traffic is considered. In this
case, the load in one direction is assumed to be twenty times
less than in the other such that for that direction only one lane is
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Fig.5. Average energy consumption comparison between the legacy Ethernet
solution and the adaptive multilane algorithm for different thyp values in case
of asymmetric traffic and characteristics of module A.

active. Regarding the CFP module in this study, it would merely
have to deassert some lanes because the incoming and outgoing
traffic are space-division multiplexed [11]. The average power
consumption for both link directions is shown in Fig. 5. In this
case, larger energy savings are obtained for all loads (note that
the x-axis refers to the load on the direction with more traffic).
This is an interesting result as many links carry asymmetric
traffic. In those links, large data frames (~1500 B) are sent in
one direction and the much smaller acknowledgment (ACK)-
packets in the other (~70 B). This means that if a two-state
active/idle approach is used, as in EEE, poor energy savings
would be obtained, as ACKs would activate the link frequently
even if the load is low. This is seen in Table I for the first type
of server. In fact, the case shown in Fig. 5 represents the most
asymmetric case such that the energy savings of any other traffic
scenario will be in between the results shown in Figs. 4 and 5.

When estimating the energy savings, the additional power
consumption needed to implement the proposed algorithm has
not been included. This functionality should ideally be imple-
mented in some of the existing components to reduce complex-
ity. The main elements needed are the EWMA algorithm and
some additional memory to buffer frames while lanes are ac-
tivated. The additional memory requirements are small, as the
latency increase is bounded to 10 us, as discussed in the fol-
lowing. This means a worst case requirement of an additional
1 Mb of memory. Given the simplicity of the EWMA algorithm
and the small memory increase, their power usage should be a
small fraction of the module’s consumption, and therefore, can
be neglected as a first approximation.

C. Impact on Delay

Itis well known that as link load approaches the link capacity,
the waiting time of the frames grows exponentially. This means
that if thyp is close to unity, frames can suffer a large delay
possibly impacting on the performance of applications and ser-
vices or causing buffer overflows and even frame loss. On the
other hand, if lanes are added when the traffic is well below
the capacity of the currently active lanes, then energy efficiency
will be poor, as is shown in the earlier section.

The next numerical experiment shows how the algorithm
adapts to incoming traffic and the performance in terms of delay
of the multilane algorithm. We assume a 100-Gb/s link using a
configuration of ten lanes of 10 Gb/s. Fig. 6(a) illustrates the traf-
fic pattern injected to the system, where A is varying according to
a sin function. The multilane algorithm is changing the number
of active lanes when the traffic is changing. Depending on the
thyp value, the algorithm makes the decision sooner or later. For
the sake of completeness, the results for a4 x 25 Gb/s configura-
tion are shown in Fig. 7, where now lane activation/deactivation
is less frequent due to the reduced number of lanes. Current
traffic patterns for core networks do not change as fast as this
example pattern [16]. Depending on the traffic pattern, the pa-
rameters of the EWMA-algorithm can be tuned to follow the
incoming traffic variations. This EWMA algorithm can be eas-
ily implemented and it is used in other networking systems such
as in the round-trip time-estimation algorithm of the original
specification of TCP [24]. Fig. 8 shows the queuing delay when
the packets traverse a 10 x 10 Gb/s link using the multilane al-
gorithm. In light of the results, the queuing delay is higher than
the existing Ethernet solution that uses all lanes, but it remains
in the same order of magnitude at least when thyp is 0.7 or less
[see Fig. 8(b)]. The waiting time values are in the range of a
few microseconds; therefore, it would be reasonable for most
applications. In fact, they are comparable to the mode transition
time specified in EEE for I0GBASE-T, which is around 5 ps [6].
This means that the proposed scheme would introduce at most
a delay similar to that suffered in EEE at 10 Gb/s when the link
has to be activated. An incorrect number of lanes can raise the
queueing delay degrading the network performance. When the
thyp threshold is set to 0.9, the delay increases by one order of
magnitude. Similar results are obtained for the queuing delay
in the case of the other two lane configurations proposed by the
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802.3ba amendment. This is the tradeoff, meaning that larger
values of thyp achieves larger energy savings at the expense of
increased frame delay.

D. CAIDA Trace Validation

To validate the achieved results for Poisson traffic, Fig. 9
depicts the delay experienced by the packets when following the
dynamic lane switch-OFF mechanism using CAIDA traces [16].
In the simulations, a hypothetical 100-Gb/s Ethernet switch is
fed with ten measured OC192 traffic traces (that is, ten traces
from 10-Gb/s links) destined to its 100-Gb/s output port, as an
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Pattern traffic in the numerical experiment and number of lanes active when using the algorithm in a 4 x 25 Gb/s configuration. (a) All lanes active.

x10°

Queue waiting time for different thyp values when using the algorithm in a 10 x 10 Gb/s configuration. (a) All lanes active. (b) thyp = 0.7.

initial approximation of the traffic expected on 100-Gb/s links.
The load of each trace is determined to be about 10%—15%.
If the 100-Gb/s output port has the 4 x 25 Gb/s 100GBASE-
R configuration, the number of active lines shall be constant
at 1 because a 15% traffic load on a 100-Gb/s link does not
exceed the lowest considered threshold of 70% for a single
lane. In terms of delay, it can be said that the results are similar
to the Poisson model. Visually, there is a greater difference
between the results in Fig. 9 than in Fig. 8. The reason is that
in this case, the all-lanes active scenario is using four lanes,
while the EWMA algorithm requires just one lane. However,
the delay remains in the order of few microseconds. Therefore,
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it may be concluded that the multilane algorithm can work in
areal-life scenario. The numerical experiments with real traces
also demonstrate that lane activation/deactivation may not be as
frequent as in the model-based simulations that were designed
to force rapid and frequent changes in the number of lanes to test
the algorithm. In any case, if the traffic pattern changes, there
are several estimators that can be used to adapt to the new traffic
conditions and follow its variation. Also different thresholds can
be used for lane activation/deactivation.

VI. CONCLUSION

In this paper, the improvement of energy efficiency in 802.3ba
high-rate Ethernet optical links has been studied. The initial
analysis shows that a two-state active/idle strategy would not
provide significant energy savings due to the large transition
times and small times between frame arrivals. Based on this
result, an alternative approach that exploits the multilane ar-
chitecture of 802.3ba Ethernet PHYs has been proposed. The
approach adaptively changes the number of active lanes to the
link load to achieve energy savings without impacting perfor-
mance. Simulations with a Poisson model and with real traces
have then been presented to evaluate the performance of the
proposed scheme. Measured numbers on the energy consump-
tion of a commercial 100-GbE module have been used. The
results indicate that energy savings may be achieved with little
expected impact on performance in terms of frame delay. An
implementation at the hardware level should be considered to
avoid timing delays of the MDIO interface.
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