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Time-varying channel conditions

Propagation environment
Path loss 
Shadowing or slow-fading: Log-normal distribution 
Fast-fading or multipath fading: Rayleigh or Ricean 
distribution 

Both received signal and interference are timeBoth received signal and interference are time 
varying
A measure of channel quality: SINR (Signal toA measure of channel quality:  SINR (Signal to 
Interference plus Noise Ratio)
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Time-varying channel conditions
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Opportunistic Scheduling
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What is opportunistic scheduling? 

Trade-off between efficiency and fairness due to
multi-class users
time-varying and location-dependent channel condition 
of each serof each user
good efficiency-fairness trade-off can be achieved by 
an appropriate RRM and schedulingan appropriate RRM and scheduling 

Opportunistic scheduling
scheduling and resource allocation exploiting time-scheduling and resource allocation exploiting time
varying channel conditions of each user to 

• maximize system performance 
• while satisfying QoS or fairness requirements of each user



Utility function

A function of resource allocation
Can be used as 

Measure of QoS,  satisfaction, or performance for service as a 
function of resource allocationfunction of resource allocation
Knops to control efficiency-fairness tradeoff
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Utility function

Instantaneous rate based utility function
Defined as a function of instantaneous data rate at time 
t
Instantaneous utility at time t: U(x(t))

• x(t) is data rate at time t

Average utility: Et[U(x(t))]

Average rate based utility function
Defined as a function of average data rate
Average data rate: x = Et[x(t)]
Utility: U(x)=U(Et[x(t)])
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Fairness

Threshold based fairness
E h h it li it f i i tEach user has its explicit fairness requirement
Examples 

• Et[U(x(t))] ≥ Umin
• U(Et[x(t)]) ≥ Umin

Utility based fairness
Desired fairness can be achieved by using appropriate utilityDesired fairness can be achieved by using appropriate utility 
functions
Examples

• if α=1: proportional fairness
• if α=∞: max-min fairness
• In general, as α increases efficiency decreases and fairness increases
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Two famous frameworks for 
opportunistic schedulingopportunistic scheduling

Liu’s framework
Instantaneous rate based utility function
Threshold based fairness
Parameter based algorithm

A l’ f kAgrawal’s framework
Average rate based utility function
Utilit b d f iUtility based fairness
Gradient based algorithm



Liu’s Framework



System model

Set M of users in a single cell
Ti l tt d t ith fi d t itTime-slotted system with fixed transmit power

Time-slot is resource shared by all users
A time-slot is exclusively used by one user within a celly y

TDMA
Ui: utility function of user i

Function of instantaneous data rateFunction of instantaneous data rate
xi: achievable data rate of user i in a time-slot

Random variable depending on channel condition
h h li i f i iEach user has an explicit fairness requirement

Θ: set of all scheduling policies
Q: scheduling policyQ: scheduling policy

iQ =))(( xU

Given U(x) = [U1(x1), …, UM(xM)], schedule user i



Scheduling problem

[ ]∑ [ ]
[ ] iCxUE

xUE

iiQii

Mi
iQii

∀≥
∈

=Θ∈ ∑
,1)(subject to

1)(maximize

}))(({

})({Q

U

U

[ ] iCxUE iiQii ∀≥= ,1)(subject to }))(({ xU

Maximizing the sum of expected utilities of all 
users (network utility)users (network utility) 

while satisfying the minimum expected utility 
requirement of each userrequirement of each user



Scheduling algorithm
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stochastic approximationpp



Agrawal’s Frameworkg



System model

Set M of users in a single cell
Ti l tt d t ith fi d t itTime-slotted system with fixed transmit power

Time-slot is resource shared by all users
A time-slot is exclusively used by one user within a celly y

TDMA
Ui: utility function of user i

Function of average data rateFunction of average data rate
xi: achievable data rate of user i in a time-slot

Random variable depending on channel condition
E h h li i f i iEach user has no explicit fairness requirement

Θ: set of all scheduling policies
Q: scheduling policyQ g p y

iQ =))(( xU
Given U(x) = [U1(x1), …, UM(xM)], schedule user i



Scheduling problem
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Maximizing the sum of utilities of all users (networkMaximizing the sum of utilities of all users (network 
utility) 
No explicit fairness requirementNo explicit fairness requirement
Fairness can be achieved by using appropriate utility 
functionsfunctions



Scheduling algorithm
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Reinterpretation of Liu and Agrawal’s 
frameworks: unified dual frameworkframeworks: unified dual framework

J.-A. Kwon, B.-G. Kim and J.-W. Lee, “ A unified framework for opportunistic fair scheduling
in wireless networks: a dual approach”, submittedin wireless networks: a dual approach , submitted



System model

Same as before, except
Scheduling scheme decides which user to assign to a time-slot 
randomly
User i is selected with probability pi(x)User i is selected with probability pi(x)
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Liu’s problem and dual approach
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Dual based scheduling

Dual based scheduling Liu’s schedulingg g
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Agrawal’s problem and dual approach
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Dual based scheduling

Dual based scheduling Agrawal’s schedulingg
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Conclusion

Opportunistic scheduling is an essential technique 
i d f i l k iin current and future wireless networks to improve 
system efficiency

P ti ll f i h d liProportionally fair scheduling
Two famous frameworks

Li ’ f kLiu’s framework
Agrawal’s framework
Both frame orks can be reinterpreted in a nified d alBoth frameworks can be reinterpreted in a unified dual 
framework

Dual framework can be applied more generalDual framework can be applied more general 
problem settings
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