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  Why delay performance is important? 
  “WHAT??!! He is stuck in the 

air!! !$*(&#%*!(!” 

  “You must be kidding me! 
Buffering at such an important 
moment!!??”�
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  We may have multiple delay-sensitive wireless 
applications running at the same time! 

Keep track of a game�

Play mulI‐player game �

Keep talking to 
some friends �
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  Delay-Optimal Cross-Layer Design? 

Wireless Fading 
Channel �

Wireless Fading 
Channel �

SISO�

Mul'user MIMO 
System�

Mul'‐
Antenna 
Base 
Sta'on�

Mobile 
1�

  Spa'al 
Mul'plexing Gain  

  Diversity Gain�
Mobile 

2�

Q)  Can’t  we  just  focus  on  boosIng  the 
PHY performance using  advanced  signal 
processing  techniques  (e.g.  MIMO)?  If 
the  PHY  is  improved,  the  delay  of  the 
applicaIons will be improved as well. So, 
why bother to have “cross‐layer” design? 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  SDMA Precoder Design for PHY Performance 

[Sampath’01], [Scaglione’99],[Palomar’03], etc. 
–  Dirty Paper Coding (DPC) for MIMO Broadcast Channel 
–  Zero‐Forcing Precoding for SDMA 
–  assuming knowledge of perfect CSIT. 

[Lau’04], [Heath’04], [Love’05] etc. 
–  Precoder design for SDMA with limited feedback. 
–  Robust Precoder design for SDMA with outdated CSIT. �
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  Challenges to incorporate QSI and CSI in adaptation 

When Shannon meets Kleinrock… �

Claude Shannon � Leonard Kleinrock�
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  Various approaches dealing with delay problems 

Buffer 
State s 

To regulate the buffer state 
towards 1/v 

S<1/v  S>1/v 

v  ‐v 
Buffer Par''oning 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  Various approaches dealing with delay problems 
Approach II [Yeh’01PhD], [Yeh’03ISIT] 

‐ Symmetric and homogeneous users in mulI‐access fading channels 

‐ Using stochas'c majoriza'on theory, the authors showed that the 
longest queue highest possible rate (LQHPR) policy is delay‐opImal �

A 

B 
Capacity region 

Longer queue 
for user 1 

higher rate 
for user 1 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  Various approaches dealing with delay problems 
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  Various approaches dealing with delay problems 



Related Works�

12�

  Technical Challenges to be Solved 
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  What shall we do? 

Consider two examples to illustrate two techniques for the challenging 
problem. 

Example I) Delay‐Op'mal Power Control in SDMA Systems via Stochas'c 
Decomposi'on. 

Example II) Delay‐Op'mal OFDMA Resource Control via Stochas'c 
Learning. �
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  SDMA System 

Fring 
Packets 

G‐MAP 
Packets 

YouTube 
Packets 

Wireless 
Fading 
Channel�

MIMO 
Precoder 

& 
Power 
Adaptor�

Queueing State 
Informa'on (QSI) 

Channel State 
Informa'on (CSI) 

Delay REQ 1�

Delay REQ 2�

Delay REQ K�
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  Multiuser MIMO Physical Layer Model 

SDMA 
Precoder�

Mobile 1�

CSI 

Mobile K�

Y1

YK

H

X1

X2

XK

E[XXH ] = I



Data rate (bits per symbol) of the k‐th user: �

Rk(P) = log2

(
1 + pk(χ)hk(wkwH

k )hH
k

)

Power Control Policy:�

P = {(p1(χ), ..., pK(χ)) : ∀χ}

System State (QSI and CSI): 

χ = {(h1, ..,hK), (Q1, ..., QK)}

System Model�
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  SDMA Physical Layer Model 
Equivalent channel for the k‐th user (acer ZF): Zero‐Forcing SDMA 

Yk =
√

pkhkwkXk + Zk

SDMA PHY Layer 
Power  
AllocaIon  
Control 

R1(P) = log2

(
1 + p1(χ)h1(w1wH

1 )hH
1

)

RK(P) = log2

(
1 + pK(χ)hK(wKwH

K)hH
K

)
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  Queue Dynamics & System States 
G‐MAP 
Packets 

YouTube 
Packets 

CSI�

QSI�

Cross Layer  
SDMA Power 
Alloca'on 

PHY State 

MAC Layer 

SDMA 
ZF Precoding PHY Layer 

SDMA Power 
Alloca'on 

Ime�

Packet Arrivals 

PHY Frames 

scheduling 'me slot 
  Channel is quasi‐sta'c 

in a slot 
  i.i.d between slots 

MAC State 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  Optimization Objective & Control Policy 

(λ1, ...,λK)
(N1, ..., NK)

(Packet Drop Rate Constraint) 

(Average Power Constraint) 

(Total Average Delay of K users) 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  Embedded Markov Chain 

  Sample the continuous time random process     at frame 

boundaries              , we have an “embedded discrete 

time random process”: 

 Lemma 1) For a given control policy, the embedded random 

process                 is a Controlled Markov chain with 

transition kernel given by:                        

χm = (Hm,Qm) where χm = χ(mτ)

χ(t)
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  Sketch of Proof 

  Given the current state             and the control 

action         , one of the following events could occur for 

user k at the (m+1)-th scheduling slot.    

χm = (Hm,Qm)

pk(χm)

Inter‐packet arrival Ime >> t 



System State Evolution �

22�

  Sketch of Proof 

Mean Time to deliver a 
packet >> t 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  Our Transition Probability Kernel: 
State transiIon diagram for K‐dimension Markov chain {Qm} with N states each 
dimension. K=2 for illustraIon. �

For unichain control policy, the induced Markov Chain is “aperiodic” and “irreducible”.  �

Power Control in PHY  
Controlled Service Rate in 

Queues 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  Major Challenges 

  1) Exponen'ally large Q state (QSI): 
  The total number of states in the joint‐queue‐state (QSI) = N^L  

  ExponenIally large  complexity and memory requirement = O(exp[L])!! 

  2) Global Op'mal Solu'on: 
  The problem is not convex. How to make sure we have global opImal 

soluIon? 

  3) Asympto'c Analysis: 
  Any useful insights can be obtained on the structure of delay‐opImal 

soluIon? How to do buffer dimensioning? 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  Primal Decomposition 
  Define auxiliary variables: 

  The opImizaIon problem becomes:  

(average transmit power allocated to user k) 

Auxiliary 
variables 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  Primal Decomposition 

As a result, we can decompose the problem into one master problem + K subproblems 

Average Power 
allocaIon to the K 

users 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  Primal Decomposition 

Instantaneous power allocaIon to the 
k‐th user (subject to k‐th user average 

power constraint         ) P k
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  Transformation of Variables 
  The subproblem is not convex w.r.t. the optimization 

variables 

  Using birth death dynamics of the problem, the 

subproblem is equivalent to: 

{pk(χk)}

P k,q = E[pk(χx)|Qk = q]
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  Transformation of Variables 
  Consider the following transformation: 

  Transforming from the P domain to the V domain, the 

subproblem is equivalent to: 

Vk = {µk,0, ..., µk,L}↔ Pk = {P k,0, .., P k,L}
(One‐to‐one mapping) 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  Global Optimal Solution 
  Theorem (Unique optimal solution): The subproblem has a 

unique global optimal solution. Furthermore, the following 

algorithm can reach the solution in          steps.   
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  Structure of the Optimal Solution 
  Multi-level Power Water-filling: 

  The water levels       can be determined offline based on 

long-term statistical information of the data source and 

CSI. 

  Memory requirement is  

Power AllocaIon  
according to water‐filling 
w.r.t. CSI of users 

Water‐level adapIve to QSI 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  Recall that the master problem is to determine the “average 

power allocation” to the SDMA users 

              is a convex function of       The master problem 

is convex in 

  Form the Lagrangian function for the master problem 

  Hence, standard subgradient search can be used 

  How to detemine the subgradient?    

{P 1, ..., PK}

Pmain = {P 1, ..., PK}
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  We consider high SNR scenario 

log
(

1
α∗k,q

)
forms an arithmetic series

→ {α∗
k,q} forms a geometric series
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Gain due to mulI‐level water‐filling 

SubstanIal delay gain vs 
CSIT‐only scheme 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  Buffer Length Requirement 

First order guideline on  
buffer dimensioning 

[log log SNRmin]× L
= constant

For small  εd
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OFDMA System Model�
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  OFDMA Physical Layer Model 

O
FD

M
A
  

Subband A
lloca'

on &
 pow

er 
Control�

Mobile 1�

CSI 

Mobile K�

H

E[XXH ] = I

H = {Hk,n} {Y1,n}

{YK,n}

{XK,n}

{X1,n}

OFDMA PHY 
Subband 
& Power  
AllocaIon 

Data Rate Rk 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  Time domain partitioned into scheduling slots 

  CSI H(t) remains quasi-static within a slot and iid between 

slots 

  Packet arrival                              where Ak(t) ~ iid 

according to a general distribution Pk(A). 

  Nk(t) denotes the random packet size ~ iid. 

  Q(t) denotes the number of packets waiting in the buffer 

at the t-th slot.  

  Global System State (CSI, QSI) 

A(t) = (A1(t), ..., AK(t))

Total number of bits  
Transmired in the t‐th slot 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 Stationary Power and Subband Allocation Control Policy 

  A mapping             from the system state   to a power 

and subband allocation actions.    
Ωp(χ) = {pk,n}Ωs(χ) = {sk,n}

(Power Constraint) 

(Subband AllocaIon Constraint) 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 Average Delay and Average Power under a control policy  

 Problem Formulation 

 Find the optimal control policy     that minimizes   

“Per‐stage reward” 

“PosiIve WeighIng Factor”  

Pareto OpImal delay boundary 



Optimal Solution �

43�

  Infinite Horizon Average Reward MDP 

  Given a stationary control policy   , the random process 

          evolves like a Markov Chain with 

transition kernel: 

  Solution is given by the “Bellman Equation” 

“PotenIal funcIon” (contribuIon of the state i to the average reward) 

“OpImal Value”                       EquaIons and       
   unknowns (NQ + 1)K + 1
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  Example of the Solution Structure 

  For the special case of exponential packet length N(t) and Poisson 

Arrival, the optimal power and subband control are given by:   

Water‐level depends on QSI (via potenIal funcIon) 

Subband AllocaIon Metric (depends on both CSI and QSI) 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  How to determine the potential function?  

  Brute-Force solution of the Bellman Equation?: 

  Too complicated, exponential complexity and memory 

requirement 

  Online stochastic learning? 

  Iteratively estimate potential function based on 

observation – online value iteration 

  Due to exponentially large state space, convergence 

speed is an issue (not scalable w.r.t. K) 

  How to break this “scalability barrier”?   
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  Theorem: Additive Property of Potential Under “Semi-global 

Subband Allocation Policy” 

(θk, {Ṽk(Qk)})                             is the soluIon of the “per‐user Bellman equaIon” 

  Corollary: The semi-global subband allocation policy is 

asymptotically optimal for large K.  
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Average Delay per user vs SNR 

Huge gain in delay performance  
Compared with convenIonal  
CSIT only schemes and RR 

Close‐to‐opImal performance 
even for small # of users 



Numerical Results�

48�

Average Delay per user vs number of iteraIons 
Number of users K=16, average packet size = 10kbyte 
Transmit SNR = 10dB 

Fast convergence (“lock‐in”) of 
the online stochasIc learning  
algorithm 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