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Model

@ 2n nodes randomly placed on an
area A(n), independently and
uniformly

@ a set of random connections
(logical links) that need to be
established, each carrying data
at rate R(n)

@ What is the scaling of the
aggregate throughput /
T(n) = nR(n) with increasing
number of nodes n?
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Communication Model

Yi =2 HuXk + Zi
where:
e Z; is additive Gaussian noise with variance o

@ Xy is submitted to the power constraint E(|X,|?) < P.
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Communication Model

Yi =2 HuXk + Zi

where:
e Z; is additive Gaussian noise with variance o
@ Xy is submitted to the power constraint E(|X,|?) < P.
@ Question:
What is the “right” model for the attenuation coefficients H;,?
@ Related Question:

What is the “right” scaling to consider for A(n)?
A(n) =1 (dense model)? A(n) = n (extended model)?
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Key Observation

@ Whatever the chosen model, it breaks down at sufficiently large values
of n (divergence of the attenuation function, network area larger than
the surface of earth, etc.)
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Key Observation

@ Whatever the chosen model, it breaks down at sufficiently large values
of n (divergence of the attenuation function, network area larger than
the surface of earth, etc.)

@ How can one then talk about scaling laws for wireless networks?

@ One needs to choose a model which remains valid in the range of
interest (say, e.g., n < 10'000).
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Another Issue about Scaling Laws:
The Example of MIMO systems

@ Foschini-Gans / Telatar, 95: the capacity of a MIMO system scales
linearly with the number of antennas at Tx and Rx: C(n) = O(n).
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@ Assumption made: channel matrix H with i.i.d. coefficients

e Franceschetti et al, 07 (and other works): with a more realistic
electromagnetic propagation model for the channel matrix H, there is
an additional area limitation: if the n antennas occupy a domain of
area A, then C = O(v/A) (where A is measured in wavelength units).

Olivier Lévéque (EPFL) Operating Regimes for Wireless Networks Spaswin 08 5/ 16



Another Issue about Scaling Laws:
The Example of MIMO systems

@ Foschini-Gans / Telatar, 95: the capacity of a MIMO system scales
linearly with the number of antennas at Tx and Rx: C(n) = O(n).

@ Assumption made: channel matrix H with i.i.d. coefficients

e Franceschetti et al, 07 (and other works): with a more realistic
electromagnetic propagation model for the channel matrix H, there is
an additional area limitation: if the n antennas occupy a domain of
area A, then C = O(v/A) (where A is measured in wavelength units).

@ So if A~ n (constant density), then C(n) = O(\/n)?

Olivier Lévéque (EPFL) Operating Regimes for Wireless Networks Spaswin 08 5/ 16



Another Issue about Scaling Laws:
The Example of MIMO systems

@ Foschini-Gans / Telatar, 95: the capacity of a MIMO system scales
linearly with the number of antennas at Tx and Rx: C(n) = O(n).

@ Assumption made: channel matrix H with i.i.d. coefficients

e Franceschetti et al, 07 (and other works): with a more realistic
electromagnetic propagation model for the channel matrix H, there is
an additional area limitation: if the n antennas occupy a domain of
area A, then C = O(v/A) (where A is measured in wavelength units).

@ So if A~ n (constant density), then C(n) = O(\/n)?

@ The question is: for which values of n does this limitation kick in?

Olivier Lévéque (EPFL) Operating Regimes for Wireless Networks Spaswin 08 5/ 16



Another Issue about Scaling Laws:
The Example of MIMO systems

@ Foschini-Gans / Telatar, 95: the capacity of a MIMO system scales
linearly with the number of antennas at Tx and Rx: C(n) = O(n).

@ Assumption made: channel matrix H with i.i.d. coefficients

e Franceschetti et al, 07 (and other works): with a more realistic
electromagnetic propagation model for the channel matrix H, there is
an additional area limitation: if the n antennas occupy a domain of
area A, then C = O(v/A) (where A is measured in wavelength units).

@ So if A~ n (constant density), then C(n) = O(\/n)?

@ The question is: for which values of n does this limitation kick in?

@ And the answer is: for a highly dense multiple antenna system only!
(before this, the assumption of i.i.d. channel coefficients is reasonable)
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Area Limitation:

Numerical Example for a Wireless Network

@ network area: A= 1 km?2 = 10% m?
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Area Limitation:
Numerical Example for a Wireless Network

@ network area: A= 1 km?2 = 10% m?

@ number of nodes: n = 10’000 (= node separation ~ 10m)
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Area Limitation:
Numerical Example for a Wireless Network

@ network area: A =1 km? = 10° m?
@ number of nodes: n = 10’000 (= node separation ~ 10m)

o carrier frequency: 3 GHz, i.e. wavelength: 0.1 m
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Area Limitation:
Numerical Example for a Wireless Network

network area: A =1 km? = 10° m?
number of nodes: n = 10’000 (= node separation ~ 10m)

carrier frequency: 3 GHz, i.e. wavelength: 0.1 m
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Area Limitation:
Numerical Example for a Wireless Network

network area: A =1 km? = 10° m?

number of nodes: n = 10’000 (= node separation ~ 10m)
carrier frequency: 3 GHz, i.e. wavelength: 0.1 m

= area in wavelength units: A = 108

=> area limitation? C < v/108 = 10000 = n: not a limitation!
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Chosen Propagation Model

Hy = VG r_a/2 el
where

@ ry is the distance between nodes /i and k
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Chosen Propagation Model

Hy = VG r_Ot/2 0k
where

@ r; is the distance between nodes i and k

@ «a > 2 is the power path loss exponent
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Chosen Propagation Model

Hix =vG I’_Ot/2 el
where
@ r; is the distance between nodes i and k
@ «a > 2 is the power path loss exponent

@ G is a (small) constant (but notice that o2 is even smaller:
the SNR between two nodes at a unit distance is typically large)

Olivier Lévéque (EPFL) Operating Regimes for Wireless Networks Spaswin 08

7/16



Chosen Propagation Model

Hix =vG I’_Ot/2 el
where
@ r; is the distance between nodes i and k
@ «a > 2 is the power path loss exponent

@ G is a (small) constant (but notice that o2 is even smaller:
the SNR between two nodes at a unit distance is typically large)

@ 0, are random phase shifts, chosen i.i.d. across node pairs

Olivier Lévéque (EPFL) Operating Regimes for Wireless Networks Spaswin 08

7/16



Chosen Propagation Model

Hix = =G r—a/2 /i

where
@ r; is the distance between nodes i and k
@ « > 2 is the power path loss exponent

@ G is a (small) constant (but notice that o2 is even smaller:
the SNR between two nodes at a unit distance is typically large)

fix are random phase shifts, chosen i.i.d. across node pairs

distances fixed over time, phases fixed or varying ergodically
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Chosen Propagation Model

Hyx=vG I’_a/2 elg’k
where
@ r; is the distance between nodes i and k
@ « > 2 is the power path loss exponent

@ G is a (small) constant (but notice that o2 is even smaller:
the SNR between two nodes at a unit distance is typically large)

@ 0, are random phase shifts, chosen i.i.d. across node pairs
@ distances fixed over time, phases fixed or varying ergodically
o full CSI
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Chosen Propagation Model

Hyx=vG I’_a/2 elg’k
where
@ r; is the distance between nodes i and k
@ « > 2 is the power path loss exponent

@ G is a (small) constant (but notice that o2 is even smaller:
the SNR between two nodes at a unit distance is typically large)

fix are random phase shifts, chosen i.i.d. across node pairs
distances fixed over time, phases fixed or varying ergodically
full CSI

no final decision for the scaling of A(n) yet
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Results

@ Gupta and Kumar, 00: Under classical decode-and-forward and
treating interference as noise, the optimal aggregate throughput
scales at most as /n for both dense and extended networks.
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Results

@ Gupta and Kumar, 00: Under classical decode-and-forward and
treating interference as noise, the optimal aggregate throughput
scales at most as /n for both dense and extended networks.

o Ozgiir-Lévéque-Tse, 07:
Dense Networks (A(n) = 1):
The optimal aggregate throughput scales as T(n) = n.

More precisely:
» Ve > 0, an aggregate throughput n is achievable.
> An aggregate throughput higher than nlog n is not achievable.
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Results

@ Gupta and Kumar, 00: Under classical decode-and-forward and
treating interference as noise, the optimal aggregate throughput
scales at most as \/n for both dense and extended networks.

o Ozgiir-Lévéque-Tse, 07:
Dense Networks (A(n) = 1):
The optimal aggregate throughput scales as T(n) = n.

More precisely:
» Ve > 0, an aggregate throughput n'—¢ is achievable.
> An aggregate throughput higher than nlog n is not achievable.

Extended Networks (A(n) = n):
The optimal aggregate throughput scales as

n?—e/2 2 <a<3
T(n) = { nl/2 o 3
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Dense Networks: Proof Idea of the Achievability

o Key factor limiting communication rates: interference.
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Dense Networks: Proof Idea of the Achievability

o Key factor limiting communication rates: interference.

@ Spatial reuse: via classical multi-hop strategies, it is still possible to
perform order n local communications simultaneously.

Olivier Lévéque (EPFL) Operating Regimes for Wireless Networks Spaswin 08 9 /16



Dense Networks: Proof Idea of the Achievability

o Key factor limiting communication rates: interference.

@ Spatial reuse: via classical multi-hop strategies, it is still possible to
perform order n local communications simultaneously.

@ But the total aggregate throughput remains bounded by +/n.

Olivier Lévéque (EPFL) Operating Regimes for Wireless Networks Spaswin 08 9 /16



Dense Networks: Proof Idea of the Achievability

o Key factor limiting communication rates: interference.

@ Spatial reuse: via classical multi-hop strategies, it is still possible to
perform order n local communications simultaneously.

@ But the total aggregate throughput remains bounded by +/n.
o What we show:

The interference limitation can be suppressed by allowing for more
sophisticated communication strategies than multi-hop.
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o Key factor limiting communication rates: interference.
@ Spatial reuse: via classical multi-hop strategies, it is still possible to
perform order n local communications simultaneously.
@ But the total aggregate throughput remains bounded by +/n.
o What we show:
The interference limitation can be suppressed by allowing for more
sophisticated communication strategies than multi-hop.
o Key ideas:

» Distributed MIMO: pool the nodes of the network so as to form virtual
multiple antenna arrays.

Olivier Lévéque (EPFL) Operating Regimes for Wireless Networks Spaswin 08 9 /16



Dense Networks: Proof Idea of the Achievability

Key factor limiting communication rates: interference.
Spatial reuse: via classical multi-hop strategies, it is still possible to
perform order n local communications simultaneously.
But the total aggregate throughput remains bounded by /n.
What we show:
The interference limitation can be suppressed by allowing for more
sophisticated communication strategies than multi-hop.
Key ideas:

» Distributed MIMO: pool the nodes of the network so as to form virtual
multiple antenna arrays.

» Hierarchical Cooperation: set up cooperation progressively between the
nodes, via a hierarchical structure.
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Dense Networks: Hierarchical Cooperation

f(b)=1/(2-b)
1

@ Recursive lemma: given a
scheme achieving a throughput
n®, it is possible to design a new
scheme achieving a throughput
n*/(2=b) [via distributed MIMO]. 2

0 12 2/3 3/4 1
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scheme achieving a throughput
n*/(2=b) [via distributed MIMO]. 2

e Start with TDMA (T (n) = n°):
= T(n) = n%/? after 1 iteration,
T(n) = n?/3 after 2 iterations,...
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Dense Networks: Hierarchical Cooperation

f(b)=1/(2—b)

@ Recursive lemma: given a !
scheme achieving a throughput
n®, it is possible to design a new
scheme achieving a throughput
n/(2=P) |via distributed MIMO]. 2

e Start with TDMA (T (n) = n°):
= T(n) = n%/? after 1 iteration,
T(n) = n?/3 after 2 iterations, ...

0 12 2/3 3/4 1

T(n) = n"/("*1) after h iterations and near network-wide distributed
MIMO is achieved (i.e. n/("*1) simultaneous long range transmissions!)
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Extended Networks: Proof Idea of the Upper Bound

@ Another key limiting factor in extended networks: power

o & = E A
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Extended Networks: Proof Idea of the Upper Bound

@ Another key limiting factor in extended networks: power

o Cut-set bound argument: the aggregate throughput is limited by the
total power received on one side of the cut.

sqrt(n)
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Extended Networks: Dichotomy

e When a < 3, the total received power is n2~%/2, dominated by
transfer between all the users: hierarchical cooperation is optimal.
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Extended Networks: Dichotomy

e When a < 3, the total received power is n2~%/2, dominated by
transfer between all the users: hierarchical cooperation is optimal.

@ When «a > 3, the total received power is \/n, dominated by transfer
between the boundary users: multi-hop is optimal.

e L]
T
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Beyond “Dense vs Extended Networks”

o Intermediate regime: A(n) = n”
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Beyond “Dense vs Extended Networks”

o Intermediate regime: A(n) = n?
@ For >3 and 0 < v < 1, it turns out that neither hierarchical

cooperation nor multihop is the optimal strategy (in terms of
throughput scaling).
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Beyond “Dense vs Extended Networks”

o Intermediate regime: A(n) = n?

@ For >3 and 0 < v < 1, it turns out that neither hierarchical
cooperation nor multihop is the optimal strategy (in terms of
throughput scaling).

@ But a combination of these achieves the optimal throughput scaling:
“cooperate locally, multi-hop globally”

(the optimal size of the cooperative clusters being determined by the
parameters).

Olivier Lévéque (EPFL) Operating Regimes for Wireless Networks Spaswin 08 13 / 16



New Parameters

@ For a given network, what should v be?
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New Parameters

@ For a given network, what should v be? Not the right question!
(does not give any insight for a given network of finite size)
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» SNR; = SNR between nearest neighbour nodes
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(does not give any insight for a given network of finite size)
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New Parameters

@ For a given network, what should v be? Not the right question!
(does not give any insight for a given network of finite size)

o = New parameters:
» SNR; = SNR between nearest neighbour nodes

» SNR; = SNR between two distant clusters of order n nodes

@ These parameters are of order:
SNRs = n® and SNR; = nl~o/2+8

where 8 = (1 —v)a/2.
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Four Regimes

@ SNR; > 0 dB: hierarchical cooperation is optimal and T(n) = n
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Four Regimes

@ SNR/ > 0 dB: hierarchical cooperation is optimal and T(n) = n.

@ a < 3 and SNR; <« 0 dB: hierarchical cooperation is still optimal,
but T(n) < n.
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Four Regimes

@ SNR/ > 0 dB: hierarchical cooperation is optimal and T(n) = n.

@ a < 3 and SNR; <« 0 dB: hierarchical cooperation is still optimal,
but T(n) < n.

@ « > 3 and both SNR; <« 0 dB and SNR; <« 0 dB: multi-hop is
optimal and T(n) < /n.
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Four Regimes

SNR; > 0 dB: hierarchical cooperation is optimal and T(n) = n.

@ a < 3 and SNR; <« 0 dB: hierarchical cooperation is still optimal,
but T(n) < n.
@ « > 3 and both SNR; <« 0 dB and SNR; <« 0 dB: multi-hop is

optimal and T(n) < +/n.

@ o> 3, SNR; < 0 dB and SNRs > 0 dB: a combination of
hierarchical cooperation and multi-hop is optimal
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Summary: Optimal Operating Regimes
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