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Abstract—Recently, ICT community has focused on devel- optimum energy savings and lead with more elementary
oping methods to reduce energy dissipation. Although there techniques to achieve the fundamental limits. Another

are numerous attempts to reduce the energy dissipation ersnective that has long been ignored by the ICT com-
of communication and computing systems in-use today,

the effort to achieve fundamental energy limits for these mun_lty !S th_at’ the primary purpose_ Of reducing energy
systems is fade. In this article, we reveal the existing sties  dissipation is to reduce th€’O, emission rate. It has

on fundamental communication and computing limits, and been assumed that energy savings will provide reduced
possible research directions. Moreover, we indicate the carbon emission. This hypothesis inherently presumes

substantial role of ICT on carbon reduqtion, rathe.r .than a linear relation between the amounts of emitté®,
energy. Lastly, we present efforts to find the minimum

energy consumption in networks and open issues in a layered and d|_SS|pate_d energy. Howe_ver, there might be_‘ scenarios
internet architecture with fundamental energy consumptim  in which optimum C'O, savings are not obtained by

per information bit. minimizing energy consumption. We present a non-trivial
Index Terms—green communications, green computing, scenario in the following sections, in which minimizing
fundamental limits, energy efficiency the total energy consumption of links over all possible

routes in a network does not correspond to minimum

|. INTRODUCTION carbon emission. If a non-trivial dependence is observed

.in a more general setting, realization of ICT systems with

Greenhouse gas emissions is causing global warming_. L . .
X .. minimum C'O, emissions will be possible, so that the
and climate change. As the effects of carbon dioxi , : . I

arth’s atmosphere will be disturbed minimally.

emissions have become more apparent, the ICT cOM-ry. ¢, gamental limit derived for point-to-point com-
munity has raised awareness on the subject. With tpne

o _ Unications is applicable in a limited number of sce-
efforts of communication and computer societies, ﬂ]? bp

I bon footprint b duced substantiall arios. It is a challenge to reveal the limits of energy
overall carbon 1oolprint can be reduced substantia Xissipation in multi-terminal settings. We summarize the
Consequently, the ICT community is now more con-

cerned with diminishing adverse environmental e1‘feceXiSting information theoretic energy limits on multi-
of cCommunication s stegms by reducing the ener Coh%rminal communication systems. Later, due to impracti-

Y y 9 nergy cality of information theoretic approaches for large scale
sumed. Several researchers have been working on no I

) S . : gworks, we propose using layered architecture together
techniques to reduce energy dissipation of point-to-poi

o . ith a physical layer operating at the fundamental limit
communication links and computer networks.However,f dissipati . h | chall
modifying the existing ICT systems could only Iea(f energy dissipation. W_e point out the novel challenges

. .10 be addressed to realize such a system and effects of

donstraints put on upper layers due to minimal energy

. . nsumption at the physical layer of communication
for communications and computing dates back severiﬁci P phy y

. o rastructures. Later, we present the current simulators

decades. A bottom-up approach that achieves minimum . . :
T ) .. With energy and carbon considerations, and point out the
energy dissipation, i.e., the fundamental energy dissipa-

tion limit. could show us how far we stand o reac quired developments. Lastly, we present standardizatio
’ i%tudies for green networks and open problems in the field.

studied by the ICT community, fundamental energy limit
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for networks. 3 main approaches are suggested for power
management in communication network¥o less work
slow downand turn off idle elementsDoing less work
of the consumers. However, in recent years, astoundiggoptimizing processes such that fewer operations are
increase in energy costs parallel with the increasingecuted to reduce the energy consumption. The operation
range of applications and equipment developed greaifeed could be decreased to benefit from the resources
awareness of telecommunication industry’s impact on thgficiently. Lastly, network components and links could
environment. As a result, need for reducing the carbgg shut down if not used, to reduce energy dissipation.
footprint in communications has become indisputable. |n 2], use of renewable energy and bio-diesel, so-
Recent studies indicate that each base station antenna gpguel powered cell sites, installation of fuel catafyst
its supporting equipment consume an average power ogdd free cooling units are suggested to reduce the carbon
Kilowatt. This amounts to a total of 8,800 Kilowatt-hourggotprint of communications systems. Additionally, use of
each year, which is equivalent to the energy used {0 rhewable energy sources will decrease carbon footprint
one average household in the USA [1]. The same studljthout necessarily minimizing energy consumption.
reports that “a medium sized network constituting 12- However, it is not an easy task to significantly re-
15,000 cell sites, each equipped with 2 technologies (Zce the carbon footprint of ICT systems immediately,
& 3G) and around 3 antennas per technology, accourigpecially by only using energy efficient techniques and
to an energy use of 736,000 Megawatt-hours, which I§gorithms to improve the existing network components.
equivalent to running 168,000 European family homesgg the main goal of ICT researchers has been to provide
Green communications may mitigate excessive energin performance and high bit rates to satisfy the growing
dissipation and achieve sustainable energy-efficient CO@smand, communication links and networks have been
munications. Energy dissipation implies carbon emissiogsyiimized to maximize the data rate, satisfying power and
via fossil fuel-based energy sources. Therefore, gregfergy constraints. To be able to compensate the increased
communication technologies are imperative to alleviaigmand and energy consumption, ICT community should
global warming and climate change problems. take a more revolutionary approach for developing green
Distinct equipments in a network have different contritCT solutions: Taking the minimization of energy as
bution to the overall energy consumption. Fig. 1 showe main objective, and keeping minimum data rate and
the power usage of various ICT components. As observegliability as key constraints could minimize the adverse
more than half of the energy used by ICT devices is due &fects of ICT on the earth’s atmosphere. Therefore, a
communications and networking components. Therefoligeed to reveal the technology-independent fundamental
significant reduction in energy consumption is possible lyhergy limits emerges.
developing green solutions for communication networks. A critical open issue is to incorporate the amount
Today, the green communications perception is maingf CO, emissions of ICT systems into green commu-
on developing energy-efficient communication techniquescations research. Furthermore, a unified study on the



implications of fundamental limits on dynamic networkgractical considerations such as energy loss during trans-
with varying rate and QoS demands is needed. In timeission yield difference in daily use. Therefor€] In 2
following sections, we will present a naive snapshot a§ a convenient metric to define the fundamental energy
existing studies on the fundamental energy limit and aldionit of communications and computing. In [3], authors
investigate the existence of a fundamental limit (&®, define a metric using the energy per bit limit and call it
emission in communications and computing. Later, wihe absolute energy efficiency metgiven as

will discuss the extension of these fundamental limits to
multi-terminal scenarios and point out some open issues.

dEk?zIMHogu)<£ﬁgzgy£@E).

kT 1n2
Ill. FUNDAMENTAL LIMITS OF ENERGY AND C'Os IN

COMMUNICATIONS AND COMPUTING The absolute energy efficiency metric provides a way
@ compare the diverse technologies. Fig. 3 presents the

Recently, ICTs increasingly focus on saving excessi hnolodi " . bility of th
energy dissipations stemming from growing demand gehnologies we are currently using, capability of the
uman brain and efficiency of a single photon, and shows

relieve the adverse environmental effects on the atmo- tar the state-of-th ¢ technol . ; h
sphere. In this direction, the following question arised1OW far the state-of-the-art technology is away from the

Is there a fundamental limit for minimum energy pePhyS'C""I limits of communication.

bit independent from the current state of technology? Although thesT'In2 is a c_on_venlent phys_lcal_ metric
Moreover, implication of such an energy limit on thdor the fundamental energy |w_mt of communications a_nd
existence of a fundamentéalO, emission limit is worth computation of one _b't_ of information, whether Fh|s_
considering. Pointing out the fundamental limits and ré&"€"9Y nee.ds to be d|53|pated or not for the transmission
vealing the maximum energy savings are important to SBE mformatlpﬂ '?\VOk?d. d.|scu35|on|s._ Ind 13187’ Landauer
how much we lag behind the optimum operational cosf@Me UP with the claim: He explained that/'In2 is

- . . the energy required to bmvestedto 1 bit, not to be
and efficiency in approaching to a greener technology.
y PR g d . dissipated4]. According to Landauer, energy dissipation

o is required only if information is lost, which corresponds
A. Fundamental Energy Limits to irreversible logical operations. His claim is that, if

The energy minimization problem has been researchsalely logically reversible operations could be used in a
from many perspectives. Some of these studies hasemputing or communicating device, dissipated energy
common findings, although they have distinct startinger bit can be arbitrarily small. This idea has caused
points. The main concern is energy per bit or equivalenttyontroversy among the ICT community, since it advocates
power per rate. no energy limit in communications.

In the fundamental energy limit problem, transmission In a recently published letter in Nature, Landauer’s
of 1 bit of information in a point to point communi- vision is finally verified [5]. Authors used a bead with a
cation link is considered. In fact, Shannon approachdsuble-well potential to represent one bit of information
this problem by a mathematical definition of informatiorand run an erasure protocol to reset the bit, by moving the
theoretic channel capacity, i.e., maximum achievable ratead to a predefined side of the potential well. According
per channel use. From his findings, it turns out that tHe the measurements, as the protocol run time spans a
minimum energy required for the reliable transmission dérger time interval, i.e., the bead’s motion is slow, amoun
1 bit of information in a point to point communicationof heat dissipated approaches the Landauer’s limit. It is
link is kT In 2. now foreseen that, computers operating at the Landauer’s

From computing perspective, the existence of one Bimit will be realized in a few decades, yielding several
of information, in other words a two state system requiresders of energy savings over current computers.

ETIn2 amount of energy, obtained from Boltzmann Although kT In2 limit seems the most relevant bound
formula in the thermodynamics literature. Such a resudh minimum energy per bit for today’s ICT systems, dif-
verifies the claim that communications and computinigrent limits could arise in different settings and problem
are essentially the same processes, only with differesiefinitions. Shannon’s derivations on channel capacity is
observers in different reference frames. founded on the idea of maximizing information between

Consequently, fundamental limits of communicationsansmitter and receive7'In2 bound is obtained as

and computing could be assumed the same, althoutje limiting value of power per rate function, which is
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Fig. 3. Energy efficiency of state-of-the art and variousitsm

obtained using Shannon’s maximum information amongf C'O, is a linear function of the dissipated energy.
all input distributions, i.e., capacity. A more direct isve Even though there is no finding suggesting a non-linear
tigation could aim to minimize the power per informatiorrelation between energy andO,, focusing mainly on
rate expression, rather than power per channel capacthe objective of carbon minimization rather than energy
This problem is different from minimizing inverse ofcould bring new constraints into the picture. For example,
the channel capacity, since the power is in the objectiedficiency of the power plants is an important factor to
function, rather than being a constraint. In this way, weeduce the carbon footprint. In thermal power plants,
can understand the information rate per channel use,tla¢ efficiency of power plant depends on the ratio of
which energy per bit attains a minimum value. Such aaverage load power to the peak load power. Therefore,

optimization problem can be defined as, if the power drawn from the generator is fixed over time,
o2 same amount of energy will yield less carbon emissions.
min___%__ For ICT systems, an open issue is to develop minimum

P T(X,;Y) Yy p p

energy achieving algorithms and techniques such that
whereo? is the signal power at the receiver ahd\;Y) power dissipation is almost constant at all times. For
is the mutual information, i.e., the achievable data ragxample, for data modulation at the physical layer, we
between transmitter and receiver. Minimization is ovesould prefer using binary phase shift keying, rather than
source probability distribution, i.ep,. Additional re- on-off keying, or employ additional precautions to satisfy

quirements such as satisfying certain data rates, or malxe fixed power constraint.

imum bit error probability could be employed into such

optimization problems to assure certain service quality fo Some techniques have bgen proposed in the Ilterature
the end users. to reduce the carbon footprint. One of these techniques

is to use energy sources with zero carbon emissions. In

o general, the conversion factor between energy dissipation

B. Fundamental’O, Limits and CO, emission depends on the energy source. Re-
The main approach researchers have taken is to rednesvable energy sources such as wind or hydroelectric
the energy consumption for reducing the carbon footprirgnergy emits no carbon during operation. However, it

This effort implicitly assumes that the emitted amourdoes not seem practical to change all the energy sources



TABLE | - . . . .
€O EMISSION EQUIVALENTS OF DIFFERENT ENERGY Source[§].  €nergy limits cannot be achieved with systems with finite

bandwidth (or delay) constraints. The minimum energy

Fuel/Resource | _Thermal | Energylntensity | Electric per bit problem should be analyzed from a wider perspec-
g(C02-eq)/Mith W:-hth/W-he 8(C02-eq)/kW-he . . . -
s e s T tive by adding the requirements due to the finite nature
Coal Br:94.33 B4 Bl 175 of physical systems and of the communication channel,
Concentrated ] - 10515 and the constraints imposed by the upper layers of the
olat Power . P network. An open problem regarding layered architecture
Hd""lwet'__t e - fundamental limits is to include the delay requirements
ydroelectricity - X . . . . .
Natural gas cc: 68.20 oc: 68.4 - cc: 577 oc: 751 599 Imposed by the appllcatlon |ayer’ or the reqUIred blt error
oil 73 34 893 rate.

Photovoltaics - 033 106 In two terminal networks, the minimum energy per
Uranium / - WLO0.18 WH0.20 | WL60 WHES T ; : : )
Nuclear power bit is obtained as low SNR approximation of Shannon’s

Wind power - 0,066 21

capacity expression, which vyields thes7 In2 limit.
Extension of this approach to multi-terminal networks,
i.e., the multiple-access channel, the broadcast channel,
the relay channel has been the primary step for attaining
with renewable energy in short time. An alternative ithe minimum energy per bit for general multi-terminal
to locate the network components responsible for mosktension of energy bound. The minimum energy per
of the energy dissipation close to green energy sourceg, is known for the Gaussian multiple-access, Gaussian
such as wind turbines or solar energy fields. broadcast and Gaussian interference channels [7]. How-
In Table I, common energy sources are given withyer, the minimum energy per bit is still not known even
their CO, emission factors. With th€’O, equivalents for the three terminal setting of Gaussian relay channel,
of fuel sources per unit energy, total carbon footprirdespite some progress [7].
can be eaSily calculated. Consider the Sample networkln [8]’ the Capacity per unit cost in memory'ess station-
in Fig. 4. Colors are assigned according to the carbepy two-user and multi-terminal channels are calculated.
emission rates due to the energy source used by ea®fannel input is modeled by a cost function that asso-
node. In such a setting, in which energy sources are fixegates a non-negative number to each element of the input
rate could be allocated to links so as to minimize thgiphabet. Author demonstrated the trade-off between the
amount of emitted”’O,. If the delay condition required nymper of symbols and the cost it takes to send every
by the application is satisfied, longer multi-hop pathgnit of information through the channel.
could be used. Note that assigning carbon cost to eachs previously mentioned in Sec. 11I-B, the efficiency of
node and its outgoing links, we obtain a directed grapfower generator directly affects the totaD, footprint.
Minimum CO, paths are shown as continuous armowso minimize the totalCO, emissions, generator effi-
where others are shown with dotted arrows. Algorithm§ency should be maximized in multi-terminal networks.
can be developed to solve a communication scenario witighest generator efficiency can be achieved by keeping
minimum total carbon emission. Additionally, existinghe power drawn from the power plant constant over time.
cost minimization algorithms could be used for the mosthis can be done by the deployment of smart power
carbon-efficient routing scenario. distribution algorithms, to provide cooperation among
_ Evenif whether there exists a fundamental energy limigrminals. Therefore, a centralized computing unit is
is investigated exhaustively, fundament&D, limit for inadequate to determine the optimum power allocation
communications is not considered until today. Undegnd scheduling in terms of carbon emissions. Hence, we
standing fundamentdl'O limits will lead us to the opti- ¢ould benefit from distributed computing between the

mum ICT solutions in terms of environmental awarenesgetwork nodes, to satisfy a given power@0- emission
even more than fundamental energy limit would. requirement.

However, distributed computing might impose prob-

IV. MULTI-TERMINAL EXTENSION OF FUNDAMENTAL  |ems related with synchronization, parallel computing and
LimiTs additional feedback requirements. Furthermore, coopera-

Achieving information theoretic fundamental energyion for large scale networks could cause longer delay
limits is a challenging task. The theoretic minimunproblems as network size grows, since it gets harder to
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obtain information from distant nodes. Therefore, allocaach user an orthogonal set of resources. Instead, a user
tion of distributed systems should be determined by tHist listens if the channel is busy. For CSMA, this is done
delay tolerance of the networks. by carrier detection. It is fair to expect that, detecting
Today, communication mostly occurs between moithe channel state in a communication system operating at
than two parties concurrently over the same mediurminimal energy limits should arise new challenges.
Computer networks, building blocks of the internet as In network layer, path determination and logical ad-
we use today, inherits many challenges over point-té¥essing, and choosing the optimum path are among open
point communications. Concurrent and fair use of thissues, when physical layer operates at the minimum en-
finite amount of resources, addressing the desired destigy limit. Additionally, length of the addresses deterenin
nation with proper relay selection, flow control to providéhe amount of information to be processed, adding to the
matching data rates between transmitter and receiver é&tal energy consumption.
only few of the problems that arise. The idea of sepa- In transport layer, using feedback or not in flow control
rating these problems to provide independent solutiodstermines the energy dissipation and should be taken into
led us to the current layered structure of internet. &ccount.
might not be the “optimal” solution in terms of energy
efficiency. However, although the information theoretic V. SIMULATION OF GREEN NETWORKS
results reveal minimum energy per bit for simple set- Increasing number of terminals and high performance
tings, it is not practical to derive information theoretidnternet demand have led to a rising trend in the net-
solutions for large scale networks, such as worldwidgork energy consumption. Therefore, as evaluation of
web. We propose utilizing the well-known layered internehe energy cost of large-scale infrastructures is extrgmel
architecture together with a physical layer operating at dlifficult, simulators greatly help us to evaluate the perfor
very close to the fundamental energy limit. Building thenance of network architectures and protocols.
upper layers on top of a physical layer with minimum There are some efforts focusing on the energy con-
energy dissipation per bit, rather than minimizing energsumption of networks. An example of the simulator de-
at each layer separately is not addressed in the literatgigns focusing on network energy consumption is a High-
and following open issues arise in different layers. level Energy-aware Reservation Model for End-to-end
In MAC layer, handling the channel access with minnetworkS (HERMES) [9]. HERMES provides adaptive
imum energy consumption is not considered. In curremanagement of bandwidth reservations, since it coor-
networks, fair channel access among multiple users is anates the communication infrastructure by regulating
sured by either deterministic channel allocation schemtaffic flows and putting the infrastructure into sleep state
such as TDMA, FDMA, CDMA or random access techpredictively, to save energy. HERMES is validated utiliz-
niques such as the popular CSMA schemes. If there exisy the Bookable Network Simulator (BoNeS) designed
many users in the network, it is not possible to allocaia Python. BoNeS generates the network topology and an



advance bandwidth reservation traffic according to input Some international approaches assess the efficiency and
characteristics. It simulates, with this traffic and togplo the carbon footprint of telecommunication systems, and
different scheduling algorithms and compares them Btandards for industry and communications equipment
terms of both performance and energy consumption.[8]. The Life Cycle Assessment (LCA) is such a tool
different scheduling schemes are run based on the gém-estimate the total environmental impact of products
erated traffic in the network and compared in terms afiroughout their lifespan. LCA measures GHGs and de-
consumed energy. The best scheduling scheme, i.e., gremmines theirC O, equivalents. Hence, LCA determines
scheduling, is the one yielding the minimum estimatetthe total carbon emissions index of the product through its
energy consumption for each possible allocation. lifetime; i.e., manufacture, distribution, use and disdps
Another simulation environment that could be usefuhcluding all steps beginning from the product’s origin.
in green communications research is given in [10], iknergy Consumption Rating (ECR) is another assessment
which authors present a simulation environment, termetiterion which determines the ratio of maximum energy
as GreenCloud, for advanced energy-aware studies cofnsumption in Watts to effective system throughput
cloud computing data centers. GreenCloud is developi&dbps; i.e., the energy versus performance assessment.
as an extension of the packet-level network simulator nsPhis technique can also be extended to the variable
Unlike few existing cloud computing simulators such athroughput case. There are additional tests for packet-
CloudSim or MDCSim, GreenCloud extracts, aggregatdsased systems. Comparing product metrics will allow the
and categorizes information about the energy consumsetvice providers to add energy efficiency to purchase
by computing, communication elements and the physicaiiteria.
infrastructure of a data center. ETSI has recently announced the second edition of
A data center scheduling methodology that combinestechnical specification TS 102 706, which is on the
energy efficiency and network awareness is also preeasurement method for energy efficiency of wireless ac-
sented in [10]. The methodology is called data centeess equipment[11]. Energy efficiency of access networks
energy-efficient network-aware scheduling (DENS). This critical, as most of the GSM energy is dissipated in
network-awareness refers to the ability of DENS approaeiccess networks. This specification standardizes the en-
to receive and analyze a run-time feedback from the dagegy efficiency measurement of different wireless network
center switches and links. It can also make decisiotgchnologies such as GSM/EDGE, LTE and WiMAX.
and take actions based on the network feedback, simklrergy efficiency indicators specification considers are
taneously. The DENS methodology aims to achieve tlieroughput and coverege area compared with energy
balance between individual job performances and job Qe8nsumption.
requirements. Even though many standardization efforts exist in the
State-of-the-art green simulators mainly focus on préterature, none of them directly apply to networks oper-
dicting the best trade-offs between energy savings aating close to the fundamental limits. A metric, similar
traffic demand. These simulators lack incorporating the absolute energy efficiency metric as mentioned before,
total CO- footprint for dynamic data traffic. Suggestedcould be defined to measure the efficiency of networks
approach in Section 1lI-B, i.e., the minimufiO, emis- and devices, compared to the fundamental energy dis-
sion path selection, is believed to reveal the trade-dffpation limits. A new absolute energy efficiency metric
between the energy savings and totdD, footprint for multi-terminal scenarios should be developed. Amount
in dynamic networks. Future green network simulatoisf C'O, emission should be also incorporated in any
should incorporat&”O, emission rates to compare netstandardization effort. Such standardization togethén wi
work protocols in terms of environmental awareness. consumer awareness will surely enforce the manufactur-
ers to built communication and computing devices with

minimum energy dissipation andO, emissions.
VI. STANDARDIZATION ON GREENICT WITH C'Os oy P 2

EMISSION IN THE PICTURE

. L VIl. CONCLUSION
To certify the communication systems as green, or-

ganizations and manufacturers should develop legitimateAs IT solutions grow, handling the adverse environ-
policies and standards to reduce the total carbon footprinental effects of ICT systems become more and more
of ICT systems. cumbersome. Although there are many approaches to
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bit. Research directions that will lead us to networks
operating at the fundamental energy consumption level is
pointed. It is clear that, utilizing layered network archi-
tecture with physical layer operating at the fundamental
energy limit is much feasible compared to information
theoretical approaches, when the number of nodes in the
network increases. There still exists many challenges to
be addressed, before we can create green networks with

minimal CO, emissions.
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