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Quelle consommation ?

Ï Analyse du cycle de vie
1. extraction
2. fabrication
3. distribution
4. utilisation
5. recyclage

Ï conception

In 3&CO, « Analyse du cycle de vie », 3etco.com/Ï Énergie grise
Ï Démarche holistique : partir de la fonction d’usage, du besoin

ISO 14040, Environmental management, life cycle assessment, principles and
framework. Technical Comity ISO/TC 207, 2 éd., juillet 2006
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Quelle consommation ?
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Fig. 1—Schematic diagram of a general communication system.

a decimal digit is about 313 bits. A digit wheel on a desk computing machine has ten stable positions and
therefore has a storage capacity of one decimal digit. In analytical work where integration and differentiation
are involved the basee is sometimes useful. The resulting units of information will be called natural units.
Change from the basea to baseb merely requires multiplication by logba.

By a communication system we will mean a system of the type indicated schematically in Fig. 1. It
consists of essentially five parts:

1. An information sourcewhich produces a message or sequence of messages to be communicated to the
receiving terminal. The message may be of various types: (a) A sequence of letters as in a telegraph
of teletype system; (b) A single function of timef (t) as in radio or telephony; (c) A function of
time and other variables as in black and white television — here the message may be thought of as a
function f (x;y; t) of two space coordinates and time, the light intensity at point(x;y) and timet on a
pickup tube plate; (d) Two or more functions of time, sayf (t), g(t), h(t) — this is the case in “three-
dimensional” sound transmission or if the system is intended to service several individual channels in
multiplex; (e) Several functions of several variables — in color television the message consists of three
functionsf (x;y; t), g(x;y; t), h(x;y; t) defined in a three-dimensional continuum — we may also think
of these three functions as components of a vector field defined in the region — similarly, several
black and white television sources would produce “messages” consisting of a number of functions
of three variables; (f) Various combinations also occur, for example in television with an associated
audio channel.

2. A transmitterwhich operates on the message in some way to produce a signal suitable for trans-
mission over the channel. In telephony this operation consists merely of changing sound pressure
into a proportional electrical current. In telegraphy we have an encoding operation which produces
a sequence of dots, dashes and spaces on the channel corresponding to the message. In a multiplex
PCM system the different speech functions must be sampled, compressed, quantized and encoded,
and finally interleaved properly to construct the signal. Vocoder systems, television and frequency
modulation are other examples of complex operations applied to the message to obtain the signal.

3. Thechannelis merely the medium used to transmit the signal from transmitter to receiver. It may be
a pair of wires, a coaxial cable, a band of radio frequencies, a beam of light, etc.

4. Thereceiverordinarily performs the inverse operation of that done by the transmitter, reconstructing
the message from the signal.

5. Thedestinationis the person (or thing) for whom the message is intended.

We wish to consider certain general problems involving communication systems. To do this it is first
necessary to represent the various elements involved as mathematical entities, suitably idealized from their

2

In C. Shannon, « A mathematical theory of communication », The Bell
System Technical Journal, vol. 27, p. 379–423, 623–656, juillet 1948

canal bruité
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Efficacités énergétique et spectrale

# 1

# 2

# 3

# 4
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Quelles limites énergétiques ?

Ï Shannon-von Neumann-Landauer (traitement)

εBB = kT ln2= 2,8 ·10−21 J/bit

opération irréversible
Ï Shannon-Hartley (transmission)

εRF = kT ln2

transmission sans perte
Ï Limite de la limite

lim
T→0

ε
?= 0

I. Markov, « Limits on fundamental limits to computation », Nature, vol. 512,
p. 147–154, août 2014
L. Gammaitoni, « Computing with uncertainty can help lowering the minimum
energy required? », Nanoenergy Letters, p. 10–11, février 2013
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Quelles limites énergétiques ?

Ï Consommation

P =PBB+PRF

= η−1
BBRεBB+η−1

RFRεRF

Ï Aujourd’hui
Ï 0,25 pJ/bit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . η∝ 10−8

Ï Shoubu (RIKEN, Japon) 7 GFLOPS/W . . . . . . . . . . ηBB ∝ 10−9

Ï Macro-femtocell (EARTH, GreenTouch). . .ηRF ∝ 10−17∼10−13

Ï Canal CPL (Zimmermann, 140 µJ/Mbit). . . . . . . . .ηRF ∝ 10−11

X. Yu, H. Rashtian, S. Mirabbasi, P. Pande et D. Heo, « An 18.7 Gb/s 60 GHz
OOK demodulator in 65-nm CMOS for wireless network-on-chip », IEEE Tran-
sactions on Circuits and Systems I: Regular Papers, vol. 62, p. 799–806, mars
2015
D. Zeller (coordinator) et M. Olsson (technical manager), « Energy aware radio
and network technologies », FP7-ICT integrated project, European union, 2012
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Réseaux cellulaires

Ï Caractéristique des réseaux
centrée sur
le réseau

centrée sur
l’utilisateur

mesure de perf.

capacité, couverture,
proba. de coupure. . .

signal reçu

signal utile,
signaux interf.,

bruit

SINR

Ï Paramètres
Ï Position BS, MS
Ï Canal de transmission (perte de propagation, masquage,
évanouissement, filtre RF)

Ï Émetteur, récepteur

7 J.-Y. Baudais, E3S’18 Fall



Réseaux cellulaires

Ï Caractéristique des réseaux
centrée sur
le réseau

centrée sur
l’utilisateur

mesure de perf.

capacité, couverture,
proba. de coupure. . .

signal reçu

signal utile,
signaux interf.,

bruit

SINR

Ï Paramètres
Ï Position BS, MS
Ï Canal de transmission (perte de propagation, masquage,
évanouissement, filtre RF)

Ï Émetteur, récepteur

7 J.-Y. Baudais, E3S’18 Fall



Réseaux cellulaires

Supports

Téléphonie	mobile:	Stations	en	service 4G	de	l'opérateur	

Edition	du	10/05/2017
2	km

L'Agence	nationale	des	fréquences	ne	saurait	garantir	l'exhaustivité	et	l'exactitude	des	informations
fournies,	celles-ci	étant,	dans	la	plupart	des	cas,	collectées	auprès	de	personnes	tierces	(exploitants,
laboratoires	de	mesures,	...).

https://www.cartoradio.fr/

Supports

Téléphonie	mobile:	Stations	en	service 4G	de	l'opérateur	

Edition	du	10/05/2017
1000	m

L'Agence	nationale	des	fréquences	ne	saurait	garantir	l'exhaustivité	et	l'exactitude	des	informations
fournies,	celles-ci	étant,	dans	la	plupart	des	cas,	collectées	auprès	de	personnes	tierces	(exploitants,
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Réseaux cellulaires
ANDREWS et al.: A TRACTABLE APPROACH TO COVERAGE AND RATE IN CELLULAR NETWORKS 3123

additionally suffer from issues regarding repeatability and
transparency, and they seldom inspire “optimal” or creative
new algorithms or designs. It is also important to realize that
although widely accepted, grid-based models are themselves
highly idealized and may be increasingly inaccurate for the
heterogeneous and ad hoc deployments common in urban
and suburban areas, where cell radii vary considerably due
to differences in transmission power, tower height, and user
density. For example, picocells are often inserted into an
existing cellular network in the vicinity of high-traffic areas,
and short-range femtocells may be scattered in a haphazard
manner throughout a centrally planned cellular network.

B. Our Approach and Contributions

Perhaps counter-intuitively, this paper addresses these long-
standing problems by introducing an additional source of
randomness: the positions of the base stations. Instead of
assuming they are placed deterministically on a regular grid,
we model their location as a homogeneous Poisson point
process of density 𝜆. Such an approach for BS modelling
has been considered as early as 1997 [14]–[16] but the key
metrics of coverage (SINR distribution) and rate have not
been determined1. The main advantage of this approach is
that the base station positions are all independent which
allows substantial tools to be brought to bear from stochastic
geometry; see [18] for a recent survey that discusses additional
related work, in particular [19]–[21]. Although BS’s are not
independently placed in practice, the results given here can
in principle be generalized to point processes that model
repulsion or minimum distance, such as determinantal and
Matern processes [22], [23]. The mobile users are scattered
about the plane according to some independent homogeneous
point process with a different density, and they communicate
with the nearest base station while all other base stations act
as interferers, as shown in Fig. 1.

From such a model, we achieve the following theoretical
contributions. First, we derive a general expression in Theo-
rem 1 for the probability of coverage in a cellular network
where the interference fading/shadowing follows an arbitrary
distribution. The coverage probability is the probability that a
typical mobile user is able to achieve some threshold SINR,
i.e. it is the complementary cumulative distribution function
(CCDF) of SINR. This expression is not closed-form but also
does not require Monte Carlo methods. This is generalized to
include an arbitrary desired received signal power distribution
in Lemma 1, and then simplified for a number of special
cases, namely combinations of (i) exponentially distributed
interference power, i.e. Rayleigh fading, (ii) path loss exponent
of 4, and (iii) interference-limited networks, i.e. thermal noise
is ignored. These special cases have increasing tractability and
in the case that all three simplifications are taken, we derive
a remarkably simple formula for coverage probability that
depends only on the threshold SINR. We compare these novel
theoretical results with both traditional (and computationally
intensive) grid-based simulations and with actual base station
locations from a current cellular deployment in a major urban

1The paper [17] was made public after submission of this paper and
contains some similar aspects to the approach in this paper.
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Fig. 1. Poisson distributed base stations and mobiles, with each mobile
associated with the nearest BS. The cell boundaries are shown and form a
Voronoi tessellation.

area. We see that over a broad range of parameter and
modeling choices our results provide a reliable lower bound to
reality whereas the grid model provides an upper bound that
is about equally loose. In other words, our approach, even in
the case of simplifying assumptions (i)-(iii), appears to not
only provide simple and tractable predictions of the SINR
distribution in a cellular network, but also accurate ones.

Next, we derive the mean achievable rate in our proposed
cellular model under similar levels of generality and tractabil-
ity. The two competing objectives of coverage and rate are then
explored analytically through the consideration of frequency
reuse, which is used in some form in nearly all cellular
systems2 to increase the coverage or equivalently the cell
edge rates. Our expressions for coverage and rate are easily
modified to include frequency reuse and we find the amount
of frequency reuse required to reach a specified coverage
probability, as well as seeing how frequency reuse degrades
mean rate by using the total bandwidth less efficiently.

II. DOWNLINK SYSTEM MODEL

The cellular network model consists of base stations (BSs)
arranged according to some homogeneous Poisson point pro-
cess (PPP) Φ of intensity 𝜆 in the Euclidean plane. Consider
an independent collection of mobile users, located according
to some independent stationary point process. We assume each
mobile user is associated with the closest base station; namely
the users in the Voronoi cell of a BS are associated with it,
resulting in coverage areas that comprise a Voronoi tessellation
on the plane, as shown in Fig. 1.

2Even cellular systems such as modern GSM and CDMA networks that
claim to deploy universal frequency reuse still thin the interference in time
or by using additional frequency bands – which is mathematically equivalent
to thinning in frequency.
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Fig. 5. Probability of coverage forα = 2.5 (left) andα = 4 (right), SNR = 10, exponential interference. The proposed model is a

lower bound and more accurate at lower path loss exponents.
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Fig. 6. Poisson distributed base stations, no noise,α = 4 with 4 curves corresponding to lognormal shadowing standard deviations of

0, 3, and 6 dB and Rayleigh fading interference (without shadowing).

In J. Andrews, F. Baccelli et R. Ganti, « A tractable approach to coverage
and rate in cellular networks », IEEE Transactions on Communications, vol. 59,
p. 3122–3134, novembre 2011
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Modèle de communication

Ï Réseau cellulaire de grande taille
Ï Liaison descendante
Ï Distributions PPP indépendantes BS et MS, densités λb et λu

Ï K MS
Ï BS à M antennes, MS à 1 antenne

Ï précodage w ∈CM×u, u (≤M) MS par canal d’accès par cellule
Ï λau, distribution pu des MS par BS

Ï Modèle de consommation BS
1
η
Pt +MPC +P0 (linéaire),

Pt

u
(uniforme)

Ï Canal de transmission : exponant d’atténuation α, coefficients
Rayleigh h∼CN (0, IM), bruit σ2

Ï CSI, synchro parfaites
Ï Paquets de grande taille, signaux de com. gaussiens
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Modèle de communication

Ï Signal MS k , BS 0 à u0 MS

yk =
√

Ptr
−α
0k

u0
hH0kw0kx0k︸ ︷︷ ︸

signal utile

+
∑

i 6=0∧j 6=k

√
Ptr

−α
ik

ui
hHikwijxij︸ ︷︷ ︸

interférences

+ nk︸︷︷︸
bruit

Ï SINR typique MS k

γ(u0)=
Pt r

−α
0k

u0

∣∣hH0kw0k
∣∣2

∑
j 6=k

Ptr
−α
0k

u0

∣∣∣hH0kw0j

∣∣∣2︸ ︷︷ ︸
interférence intra-cellule

+
∑
i 6=0
j ′ 6=j ,k

Ptr
−α
ik

ui

∣∣∣hHikwij ′
∣∣∣2

︸ ︷︷ ︸
interférence extra-cellule

+σ2
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Précodeur

Ï Optimal argmax
w0k

γ(u0) . . . . . . . . . . . . . . . . . . . . . . . . . . . . complexité
Ï Optimal linéaire : MMSE . . . . . . . . . . . . . . . . . . . . . . . . . complexité
Ï Sous-optimal : SLNR + contrainte puissance moyenne

θ(k)=
Pt
u0
r−α0k wH

0kh0khH0kw0k∑
j 6=k

Pt

u0
r−α0j wH

0kh0jhH0jw0k︸ ︷︷ ︸
fuite

+ σ2︸︷︷︸
bruit



Hk = [
h01, · · · ,h0(k−1),h0(k+1), · · · ,h0K

]
Dk = diag

(
r−α01 , · · · ,r−α0(k−1),r

−α
0(k+1), · · · ,r−α0K

)
w∗

0k = argmax
w0k

θ(k)=

(
HkDkH

H
k +

σ2u0
Pt

IM
)−1

h0k√√√√E

[∥∥∥∥(
HkDkH

H
k +

σ2u0
Pt

IM
)−1

h0k

∥∥∥∥2

2

]
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Mesure de performances

Ï Efficacité spectrale ergodique par unité de surface (BS)

ASE=λbSE=λb
M∑

u0=1
u0×Eγ

[
log2

(
1+γ(u0)

)]
×pu(u0)

Ï Efficacité énergétique (BS)

EE= SE
pu(0)P0+ (1−pu(0))( 1

ηPt +MPC +P0)

Ï Approximation

Eγ

[
log2

(
1+γ(u0)

)]
≤Er0k

[
log2

(
1+Eh,rik [γ(u0)

∣∣r0k ])]
E [γ]≈ E [N]

E [D]

lim
K ,M→∞

K

M
= cte : régime asymptotique
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Calcul du SINR

1. E [γ(u0)|r0k ]
1.1. hH0kw0k

1.1.1. Numérateur
1.1.1.1. Moyenne

E [γ(u0)|r0k ]≈
Pt r

−α
0k

u0
E

[∣∣hH0kw0k
∣∣2]

Ptr
−α
0k

u0−1
u0

E
[∣∣hH0kw0j

∣∣2]+E
[ ∑
i 6=0
j ′ 6=j ,k

Pt r
−α
ik

ui

∣∣hH
ik
wij ′

∣∣2 ]
+σ2

A. Alam, P. Mary, J.-Y. Baudais et X. Lagrange, « Asymptotic analysis of area
spectral efficiency and energy efficiency in PPP networks with SLNR precoder »,
IEEE Transactions on Communications, vol. 65, p. 3172–3185, juillet 2017
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Calcul du SINR

1. E [γ(u0)|r0k ]
1.1. hH0kw0k

1.1.1. Numérateur
1.1.1.1. Moyenne

∣∣∣hH0kw0k

∣∣∣2 =
∣∣∣∣hH0k (

H0kD0kHH
0k +

u0σ
2

Pt
IM

)−1
h0k

∣∣∣∣2
E

[∥∥∥∥(
H0kD0kHH

0k +
u0σ2

Pt
IM

)−1
h0k

∥∥∥∥2

2

]
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Calcul du SINR

1. E [γ(u0)|r0k ]
1.1. hH0kw0k : normalisation

1.1.1. Numérateur
1.1.1.1. Moyenne

∣∣∣hH0kw0k

∣∣∣2 =
∣∣∣∣hH0k (

1
MH0kM

α
2 D0kHH

0k +M
α
2−1 u0σ

2

Pt
IM

)−1
h0k

∣∣∣∣2
E

[∥∥∥∥(
1
MH0kM

α
2 D0kHH

0k +M
α
2−1 u0σ2

Pt
IM

)−1
h0k

∥∥∥∥2

2

]

A. Alam, P. Mary, J.-Y. Baudais et X. Lagrange, « Asymptotic analysis of area
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Calcul du SINR

1. E [γ(u0)|r0k ]
1.1. hH0kw0k : normalisation, EVD

1.1.1. Numérateur
1.1.1.1. Moyenne

∣∣∣hH0kw0k

∣∣∣2 =
∣∣∣∣hH0k (

U0k

(
Λ0k + M

α
2 −1σ2u0
Pt

IM

)
UH

0k

)−1
h0k

∣∣∣∣2
E

[∥∥∥∥(
U0k

(
Λ0k + M

α
2 −1σ2u0
Pt

IM

)
UH

0k

)−1
h0k

∥∥∥∥2

2

]
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Calcul du SINR
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Calcul du SINR

1. E [γ(u0)|r0k ]
1.1. hH0kw0k : normalisation, EVD, recombinaison, somme

1.1.1. Numérateur : carré de la moyenne plus variance
1.1.1.1. Moyenne : Stieltjes, Silverstein
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Calcul du SINR
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Résultats

Ï Compromis ASE-EE
Ï Comparaison : analyse, simulation
Ï λu = 10 km−2, α= 4, σ2 =−97,5 dBm, Pc = 35 W, P0 = 34 W,
η= 0,32, ρ = λb

λu
, Pt ∈ [−60,60] dBm

5.6. Evaluation of expressions of ASE and EE
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Figure 5.3 – EE vs. BS transmit power
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Figure 5.4 – EE vs. ASE

and ρ with constant λu on ASE and EE in details in Section. 5.8.

Last but not least, our theoretical findings are very tight compared to the simulations results.

The maximum value of the relative error considering all the simulations is about 3%. This small

relative error indicates a good match between the simulations and the analytical expressions

suggesting that the analytical expressions of ASE and EE can be used as a good approximation of

exact values even for M and Nau as small as 10 and 2500 respectively. Moreover, despite the fact

that the analytical expressions for ASE and EE developed from Theorem 5.1 to 5.4 are relatively

116
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Résultats

Ï Comparaison SNLR, ZF, λu = 10 km−2, λb = 5 km−2, M = 5
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Conclusion

WWF Rapport Planète Vivante ® 2014 page 32 

L’empreinte écologique
Cela fait plus de 40 ans que la demande en ressources naturelles de 
l’Humanité dépasse la capacité de notre planète à les reconstituer. 
En d’autres termes, notre Empreinte écologique, qui mesure la 
superfi cie (en ha) nécessaire pour fournir les biens et services 
écologiques dont nous profi tons, excède notre biocapacité, à savoir 
la superfi cie effectivement disponible pour assurer ces biens et 
services. La biocapacité est le point de référence écologique auquel 
l’Empreinte écologique peut être comparée. Les deux sont exprimés 
dans la même unité, l’hectare global (hag).

 Actuellement, l’humanité a besoin de la capacité régénératrice 
d’une Terre et demie pour disposer des biens et services écologiques 
dont elle profi te chaque année. Ce « dépassement » est possible, 
pour l’instant, car nous avons pu couper des arbres à un rythme 
supérieur à celui de leur croissance, prélever plus de poissons dans 
nos océans qu’il n’en naît, et rejeter davantage de carbone dans 
l’atmosphère que les forêts et les océans ne peuvent en absorber. 
Mais dès à présent, la somme de toutes les demandes humaines n’est 
plus compatible avec les capacités de renouvellement de la nature. 
Conséquence : les stocks de ressources s’appauvrissent et les déchets 
s’accumulent plus vite qu’ils ne peuvent être absorbés ou recyclés, 
comme en témoigne l’élévation de la concentration de carbone dans 
l’atmosphère. 

Si l’innovation technologique, telle que l’amélioration de 
l’effi cacité de la consommation des ressources et de l’énergie ou 
celle des rendements écosystémiques, peut permettre de réduire le 
dépassement, elle nous expose aussi à de nouveaux dilemmes : ainsi, 
la progression de la biocapacité agricole grâce à l’emploi d’engrais 
et à la mécanisation s’est-elle effectuée en consommant davantage 
de combustibles fossiles, donc en augmentant l’Empreinte carbone. 
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 Figure 21 : Empreinte écologique 
par composante (1961-2010).
Actuellement, la composante carbone est 
la composante la plus importante 
de l’Empreinte écologique (53 %) 
(Global Footprint Network, 2014).

1 HECTARE GLOBAL 
(HAG) REPRÉSENTE 
LA PRODUCTIVITÉ 
MOYENNE MONDIALE 
D’UN HECTARE 
BIOLOGIQUEMENT 
PRODUCTIF.

In R. McLellan (ed.), « Planète vivante », rap. tech., World Wide Fund, 2014
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Conclusion Summary for Policymakers
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Figure SPM.5 |  (a) Emissions of carbon dioxide (CO2) alone in the Representative Concentration Pathways (RCPs) (lines) and the associated scenario 
categories used in WGIII (coloured areas show 5 to 95% range). The WGIII scenario categories summarize the wide range of emission scenarios published 
in the scientific literature and are defined on the basis of CO2-eq concentration levels (in ppm) in 2100. The time series of other greenhouse gas emissions 
are shown in Box 2.2, Figure 1. (b) Global mean surface temperature increase at the time global CO2 emissions reach a given net cumulative total, plotted 
as a function of that total, from various lines of evidence. Coloured plume shows the spread of past and future projections from a hierarchy of climate-
carbon cycle models driven by historical emissions and the four RCPs over all times out to 2100, and fades with the decreasing number of available models. 
Ellipses show total anthropogenic warming in 2100 versus cumulative CO2 emissions from 1870 to 2100 from a simple climate model (median climate 
response) under the scenario categories used in WGIII. The width of the ellipses in terms of temperature is caused by the impact of different scenarios for 
non-CO2 climate drivers. The filled black ellipse shows observed emissions to 2005 and observed temperatures in the decade 2000–2009 with associated 
uncertainties. {Box 2.2, Figure 1; Figure 2.3}

In Core Writing Team, R. Pachauri et L. Meyer (eds.), « Climate change
2014: Synthesis report », rap. tech., IPCC, Geneva, Switzerland, 2014
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La vie : un processus instable ?
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