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Single 802.11 AP Wlan

Access Point (AP) and
users

Each AP can select one
among a �nite set of oper-
ating channels/frequencies

{ 11 with 3 orthogonal for
802.11b or g

{ 52 with 12 orthogonal
for 802.11a
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Wlan of Interfering APs

Dense collection of APs, all connected to the Internet
e.g. Fon

CSMA/CA between APs on overlapping channels
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Wlan Problem Formulation

Given : a set of APs, users and channels ,
select

{ Operating channel/frequency of APs,

{ Power of APs,

{ Association of users to APs,

so as to

1. [Selection of AP channels] minimize interfer-
ence/maximize spatial reuse;

2. [Power of APs] mitigate interference/maximize user
throughput

3. [Association of users to APs] balance user load among
APs/maximize user throughput.
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Requirements on the Optimization Schemes

Should

{ be fully distributed

{ be measurement-based rather than model based

{ take MAC into account

{ be implementable with evolutions from today's technology

Solution inspired from physics and based on Gibbs' sampler
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Gibbs Field � Energy Function

Graph

{ Undirected graph with K nodes.

{ � k the set of all cliques of order k.

State

{ Node n has a state sn in some �nite set S.

{ The state of the graph is s = ( s1; : : : ; sK )

Energy function of state s: E(s)
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Potential, Local Energy

E derives from a potential V if it admits the representation

E(s) =
X

k

X

B2� k

V((si )i2B ):

The local energy of node n is

En(sn; (si )i6= n) =
X

k

X

B2� k : n2B

V((si )i2B )

Depends on sn and the states of the neighbors of n only.
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Gibbs Measure

The Gibbs measure associated with

{ Energy E

{ Temperature T

is the probability distribution

� (s) =
e� E(s)

T

P

v2SK
e� E(v)

T

on the set of states of the graph.
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Gibbs Sampler

Each node n updates its state according to the algorithm:

{ Given the state of neighboring nodes , it de�nes the proba-
bility law on S:

� n(s) =
e�

En(s;(si )i6= n)
T

P

u2S
e�

En(u;(si )i6= n)
T

; s 2 S

{ It samples a random state according to � n and adopts this
as state.

Updates can be either synchronous or asynchronous .
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Properties of the Gibbs Sampler

When T is �xed , this algorithm drives the graph to a steady
state distributed according to the Gibbs measure with tem-
perature T

Follows from detailed balance .

The Gibbs measure is a Markov random �eld :

Given the state (sl ; l 2 N n) of the neighbors Nn of n,
sn is independent of (sk; k 6= n; k =2 N n).
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Annealed Gibbs Sampler

When T decreases to 0 with time t like 1=log(t), this algorithm
drives the graph to a state of minimal energy .

Proof based on the notion of weak ergodicity of Markov
chains.
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Ising Model

E =
P

nodes number of neighbors with the same state

En = Twice the number of neighbors ofn with the same state

Gibbs Sampler :
Node n jumps to state s with a probability proportional to

e� En(s)
T
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Channel Selection

Methodology, illustrated on the case of orthogonal channel s:
Ising - like minimization of total interference

Notation:

{ N (c): Thermal noise of AP c

{ Pa(c): Power of AP a received
at c. �����������
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Gibbsian Setting

Nodes A set of APs

Edges between a and b if a within sensing range of b (which
we assume to imply that b is within sensing range of a).

State of AP a: ca, channel of AP a

State : c = ( c1; : : : ; cK )
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Gibbsian Setting(continued)

Notation: � (a; b) is 1 if a and b use the same channel and are
within sensing range of each other, 0 otherwise.

Energy: Total Interference

F (c) = F =
X

a2A

0

@Na +
X

b2A j b6= a

� (a; b)Pb(a)

1

A

=
X

a2A

Na +
X

f a;bg�A

� (a; b)(Pb(a) + Pa(b))

penalizes poor spatial reuse of channels/frequencies

Derives from a potential V :

V (B) = Na for B = f ag ;
V (B) = � (a; b)(Pa(b) + Pb(a)) for B = f a; bg ;
V(B) = 0 for jBj � 3 :
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Gibbsian Setting(continued)

Local energy of AP a:

Fa = Fa(c;(cx; x 6= a)) =
X

a2B

V(B)

= Na(c) +
X

b6= a

� (a; b)(Pb(a) + Pa(b))(c;(cx; x 6= a) :

Locally computable if APs broadcast received powers on all
channels in beacons.

When assuming symmetry in power and attenuation

Fa(c;(cx; x 6= a)) = Na(c) +

0

@
X

b6= a

2� (a; b)Pb(a)

1

A (c;(cx; x 6= a)):

Computable via local measurements without further data:
total energy on chosen channel/frequency.
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Gibbs Sampler Channel Selection Algorithm

Each AP runs an exponential timer;

Do loop of an AP

{ While the timer has not expired, stay in current state;

{ When the timer expires, do:

1. Collect measures of noise plus interference on each
channel;

2. Compute the local energy for all channel selections;

3. Compute the probability law � a on the set of channels;

4. Sample a channel according to � a and select it as state;

5. Reset the exponential timer.
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Convergence

For �xed topology

{ Plain : Convergence to the Gibbs distribution w.r.t. Total
Interference, for �xed temperature

{ Annealed : Convergence to a minimal Total Interference
state, for proper (logarithmic) cooling scheme.
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Gibbsian Frequency Selection Performance Evaluation

OPNET simulation :

{ 20 APs and 20 users, one per AP (and close by this AP)

{ The APs are randomly and uniformly distributed in some
domain, with an average inter-AP distance of about 100m

{ 802.11a PHY layer

{ Carrier sensing threshold of -90dB

{ All APs use the same transmit power

{ Path loss exponent of 3

{ Saturated UDP tra�c is sent over the downlink.
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Gibbsian Frequency Selection Performance Evaluation(continued)

Histograms of the long-term user throughput for the 40 node
topology: (a) random channel assignment (left); (b) channe l
assignment using Gibbsian Frequency Selection (right).
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Fairness Criterion for User Association

Aim : associate users to APs so as to minimize potential
delay [Massouli�e-Roberts ToN'02] :

Combines well with the Gibbsian framework and 802.11
when taking

Energy =
X

users
delays =

X

users
inverse of the rates

Compared to other fairness criteria:

{ Maximizing the sum of the rates leads to gross unfairness.

{ Max-min fairness leads to ine�cient solutions.
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Rate Model in Downlink of a Single 802.11 AP

d(user) the data unit delay of the user:

d(user) =
1

f (10 log(sinr (user)))

with f determined by the autorate function . For 802.11a/g:

Index k 1 2 3 4 5 6 7 8
� k(dB) 6 7.8 9 10.8 17 18.8 24 24.6
f (� k) (Mbps) 6 9 12 18 24 36 48 54

On a saturated downlink, the long term rate of each user
associated with the AP is

rate =
1

P
usersd(user)
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Rate Model in Wavelans

AP a may have other APs in its contention set

If so, its medium utilization M (a) will not be 100%

The long term rate obtained by user u associated with a is

rate(user) =
M (a)

P
v2a d(v)
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Gibbsian Setting for User Association

Nodes : users

States : au, AP user u associates with within the set of APs
within a range of user u.

State : a = ( a1; : : : ; aN )

Edges: between users u and v if both can associate to the
same AP.

Notation: � (u; v) is 1 if u and v associate with the same AP
and 0 otherwise.
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Gibbsian Setting for User Association(continued)

E(a) =
X 1

rate
=

X

u2U

X

v2au

d(v)
M (au)

=
X

u2U

d(u)
M (au)

+
X

f u;vg�U

� (u; v)d(v)+ � (u; v)d(u)
M (au)

Eu(au; (ax; x 6= u)) =
1

M (au)

0

@
X

v2au

d(v) +
X

v2au;v6= u

d(u)

1

A
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Interpretation of Local Energy

Eu(au; (ax; x 6= u))=
1

M (au)

0

@
X

v2au

d(v) + d(u)
X

v2au;v6= u

1

1

A

First Sum: X

v2au

d(v) = Dau;

long term delay at selected AP : sel�sh side of the energy

Second Sum: let Ua the number of users of AP a; then

d(u)
X

v2au;v6= u

1 = d(u)(Uau � 1);

incremental delay caused to users sharing the selected AP :
altruistic side of the energy
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Gibbsian Algorithms for User Association

Same type as above with an independent timer for each user.

Convergence:

{ Fixed Temperature : drives the system to a Gibbs distribu-
tion w.r.t. Potential Delay.

{ Annealed : drives the system to a state of minimal Potential
Delay.
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Measurement Basis

Equivalent expression for local energy:

Eu(au; (ax; x 6= u))=
1

M (au)

�
Dau +

Uau

f (10 log(sinr (u)))

�

Locally implementable if information on the

{ time share of an AP

{ long term rate/delay of an AP

{ number of users associated with an AP

are added in the beacons.
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Gibbsian Association Performance Evaluation

Methodology:

Compare Gibbsian algorithms to the state of the art :

{ Single channel case;

{ Strongest signal user association (Voronoi if no shadowin g);

Scenarios :

{ Topology (homogeneous/sporadic);

{ Dynamic topology;

Metrics :

{ Association maps;

{ Throughput distribution.

MEASUREMENT BASED SELF-OPTIMIZATION OF WIRELESS NETWORKS USING GIBBS FIELDS
F. Baccelli

& %



' $

33

Association : Sporadic Topology

State of the art Gibbsian association
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Throughput Distribution

Sporadic topology { 500 APs, 5000 users { Histograms of throughput.
State of the art association Gibbsian association & AP channel selection

50 users on average have less than 45kb/s, all users, except 5, receive more than 165kb/s
500 users on average have less than 200kb/s. all except 50 receive more than 400kb/s
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Convergence

Very good robustness to user join and leave
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Power Control in Wlans

Why power control? as in cellular networks, to limit inter-
ference and hence to increase user throughput

Rationale : is it good for some AP to use high power for e.g.
a single customer if this creates contention with APs servin g
large numbers of users?

What type of power control? in contrast with CDMA power
control:

{ per AP power control rather than per user power control;

{ time scale of a few minutes (join and leave) rather than a
fraction of second.
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Is Power Control Feasible in 802.11 Networks?

1st Order throughput starvation when heterogeneous power
levels are used.

Node B transmits to node A;

Node C transmits to node D;

Node B is starved by node C!

Heterogeneous transmit powers among APs can lead to node
starvation
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Contention Domain

The contention set Sa of node a is the set:

Sa = f b : N0 + Pbgb(a) � Cag;

with

{ Ca: CCA (Clear Channel Assessment) threshold of node a,

{ Pb: Transmit power of node b,

{ gb(a): Channel gain from node b to node a (assumed sym-
metrical below),

{ N0: Noise power (assumed to be the same at all the nodes
below).
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Starvation�Free Power Control in 802.11 Networks

If c belongs to Sb but b does not belong to Sc, then node c
starves node b;

Symmetric Contention : c belongs to Sb i� b belongs to Sc;

If Symmetric Contention holds, then there is no �rst order
starvation.
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Starvation{Free Power Control in 802.11 Networks(continued)

LEMMA Let Ca = N0(1 + � a) with � a > 0. If for all nodes a,

Pa� a = C

for some constant C, then there is Symmetric Contention.

In other words: Starvation-free power control is possible
within the 802.11 framework provided

{ when the transmit power of a node is high,

{ then its CCA threshold is low,

following the above product rule.

In the 802.11 setting, one can assume that � a >> 1.
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Fairness Criterion for Power Control

Data : a Wlan where power is controlled jointly with CCA
according to the rule Pa� a = C

Aim : Select AP powers and CCAs that minimize the sum
of the potential delays of all users in the Wlan:

Energy =
X

users
delays =

X

users
inverse of the rates
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Casting Power Control in the Gibbsian Framework

Nodes : APs

Neighbors : within some max sensing range

State of AP a:

{ Either its power Pa chosen in a �nite set

{ 0r � a and C

State :

{ Either P = ( P1; : : : ; PK )

{ 0r � = ( � 1; : : : ; � K ) and C
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Energy

Notation: Ua number of users of AP a.

E(P) = E(C; � ) =
X

a

X

u2a

1
rate(u)

=
X

a

UaDa

M (a)

with Da =
P

u2a d(a) given by
X

u2a

1

f
�

10 log
�

Paga(u)
� a+ N0

�� �
X

u2a

1

f
�

10 log
�

Paga(u)
Ca

�� �
X

u2a

1

f
�

10 log
�

Cga(u)
� 2

aN0

��

and
1

M (a)
� 1 + jSaj � 1 +

X

b6= a

1n
Cgb(a)

� b
� � aN0

o :
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Energy(continued)

Monotonicity of

E(P) = E(C; � ) =
X

a

UaDa

M (a)

when Pa " , � a #

Da �
X

u2a

1

f
�

10 log
�

Cga(u)
� 2

aN0

�� #

but
1

M (a)
� 1 +

X

b6= a

1f gb(a)�
� a� b

C N0g "
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Energy(continued)

Change of variable allowing one to get rid of C

X a = 10 log
�

� a
p

PMp
C

�
#

where PM is the maximum transmit power.

Notation:

Ti (u) = 10 log
�

PM ga(u)
N0

�
; cab = 10 log

�
PM ga(b)

N0

�

Then
Da(X a) =

X

u2a

1
f (Ta(u) � 2X a)

#

and
1

M (a)
(X ) � 1 +

X

b6= a

1f cab� X a+ X bg "

MEASUREMENT BASED SELF-OPTIMIZATION OF WIRELESS NETWORKS USING GIBBS FIELDS
F. Baccelli

& %



' $

47

Potential, Local Energy

Energy derives from a potential:

E(X ) =
X

k

X

D2 � k

V(D);

with

V(D) = Ua � Da(X a) if D = f ag,
= f Ua � Da(X a) + Ub � Db(X b)g1f cab� X a+ X bg if D = f a; bg, b2 N a,
= 0 if jDj � 3.
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Potential, Local Energy(continued)

Local energy:

Ea(X a; (X b; b6= a)) = Ua � Da(X a)

0

@1 +
X

b2N a

1f cab� X a+ X bg

1

A Sel�sh

+
X

b2N a

Ub � Db(X b)1f cab� X a+ X bg Altruistic

Self Optimization algorithms : Gibbs sampler (at �xed tem-
perature or annealed) as above.
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Measurement Basis

The operation of the algorithm requires that APs encode the
current value of the following variables in their beacon fra mes:

{ the variable X a,

{ the number of users Ua,

{ the delay Da(X a).

Upon reception of the beacon frame, all neighboring APs have
all the necessary input to recompute the law � a and sample
their new X a value.
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Back to Powers

Hidden di�culty : all powers are determined up to a multi-
plicative constant.

Identify AP(s) k with the minimum value for X k

k = argmin aX a = argmin a� a = argmax aPa

Thus we set Pk = PM and this determines the constant.
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Simulation Results

Simulated topology : 8 APs and 26 users, 802.11a

Default node setting : transmit power of 17 dBm, and CCA
Threshold of -90 dBm,

The algorithm converges within 300 beacon periods (30 sec-
onds).
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Load on each cell
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Optimum Power and CCA
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Throughput gains
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Summary of Simulation Results

Scheme Throughput (Mbps) Total Thr.
Mean Std. Dev Median (Mbps)

Default 0.96 0.52 0.83 24.9
Gibbs 3.74 4.01 2.10 97.2
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Testbed Results

The testbed consists of three Cisco Aironet 1130AG series
APs, and three IBM Thinkpad T30 laptops as users

Scheme User throughput (Mbps) Total throughput
SS03 SS15 SS24 (Mbps)

Default 11.81 6.86 14.37 33.04
Gibbs 29.45 22.59 30.51 82.55

Larger scale experiments by D. Papagiannaki ongoing.
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SUMMARY

802.11, Wavelans, Mesh networks

Gibb's sampler

Channel Selection

User Association

Power Control

Routing in Mesh

Incremental Deployment
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WIFI Mesh Networks

0

0.2

0.4

0.6

0.8

1

0.2 0.4 0.6 0.8 1

Dense collection of APs
some of which (Gateways)
are connected to the Inter-
net

Multihop routing to Gate-
ways
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WIFI Mesh Problem Formulation

Given : a set of Gateways, APs, users ,
select

Spanning trees rooted at the Gateways,
so that

[Association of users to Gateways and routes] mitigate in-
terference/maximize user throughput.
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Routing in Mesh Networks

Nodes : APs which are not
gateways

State variable : l i , link
(equivalently other AP)
used by node i to associate,
with one of the gateways.

This determines the asso-
ciation of its subtree Ti .
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Energy Function

Ri nominal bit rate of link l i

ETP of link l i
1

ETP l i
=

X

j 2Si

1
Rl j

Throughput received by tra�c of a node of Ti over link l i :

ETP l i

jTi j
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Energy Function(continued)

Total transmission delay for node j to send a packet to its
associated gateway:

D j =
X

k:lk2P j

jTkj
ETP lk

Total transmission delay over all the mesh nodes for sending
a packet to their respective gateways:

E =
X

j 2M

8
<

:

X

k:lk2P j

jTkj
ETP lk

9
=

;
:
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Gibbsian Routing

MAC layer aware routing in contrast to ETX (Expected
Transmission Count) shortest path routing.

Ns2 simulation shows 60% improvement compared to ETX
shortest path routing for unplanned networks.
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SUMMARY

802.11, Wavelans, Mesh networks

Gibb's sampler

Channel Selection

User Association

Power Control

Routing in Mesh

Incremental Deployment
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Incremental Deployment/Sel�sh Users

Focus on Gibbsian User Association

Unresponsive users or APs do not implement the proposed
schemes

Sel�sh users : always associate with the AP providing the
best throughput

Simulation results only
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Incremental Deployment/Sel�sh Users(continued)

10 % penetration : 66% increase rate, 8% decrease rate
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Impact of Sel�shness

Eu =
1

M

� X 1
f (sinr (user))

+
number of users
f (sinr (useru))

�

Favors lond distance association to lightly loaded cells
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Impact of Sel�shness

100% fair vs 100% sel�sh 1 user switch
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Ongoing Research, Open Questions

Joint optimization schemes
I. Broustis, K. Papagiannaki, S. V. Krishnamurthy, M.
Faloutsos, V. Mhatre , Mobicom 2007

Gibbs sampler with churn: Optimal �xed temperature for
a given churn

Annealed sampler with churn: Propagation of temperature
information

Analysis of incremental deployment/sel�sh behavior

Systematization of the de�nition of energy
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Ongoing Research, Open Questions(continued)

Scanning strategies with one or multiple radios

Future WiFi card design

Other MAC protocols
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