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We Are Running Out of Spectrum


UK Frequency Allocation Table 2007

(900+1800MHz)
(2100MHz)

In April 2000 the RadioCom Agency
raised £22.5 billion from an auction
of the radio spectrum to support 3G
Source: Roke Manor Research

– Spectrum: expensive, limited and regulated by Ofcom in the UK
– Spectrum re-farming (Jan 2011): 2G spectrum for 3G use
– Free up the spectrum from A/DTV to be auctioned in 2012 for 4G
(800MHz and some of 2.6GHz, with total BW of 250MHz)

Spectrum Reform is Inevitable


While Spectrum is limited, they are seriously underutilised
– Due to rigid and inefficient management (Ofcom’s report in 2007)



The way spectrum is accessed & shared is changing worldwide
– US reclaimed 85 MHz of UHF, authorized the reuse of 500 MHz of
spectrum; Germany switched off analogue broadcasting in Berlin, etc



Great opportunity in the UK:
– Over 50% of locations have more than 150MHz spectrum
– Even at 90% of locations have around 100MHz of spectrum
• Billions of £’s wasted (the entire 3G spectrum only 75MHz!)



Ofcom have committed to licence-exempt cognitive access to
these so-called TV White Spaces but
– do NOT know how to handle the interference
– The interference temperature model by FCC abandoned in 2007
– Current approaches are in favour of using geolocation databases

Self-regulating Spectrum Allocation Policy


Motivated by the technology push, Ofcom’s ultimate strategy is
to have a self-regulating society of cognitive radios
– This creates the scenario of an OFDMA interference channel

Static frequency planning (e.g. cellular networks)

Mutually interfering dynamic spectrum access

– A paradigm shift from centralised static frequency planning to a dynamic
distributed self-regulating network of competing individuals


Challenge: from local observation to global network intelligence

The OFDMA Rate Maximisation Problem
Every user is free to access any of the subcarriers
 The aim is to decide the power allocation over the subcarriers
for all the users in order to maximise the network rate
 For user k, we have




Overall, the aim is to:

Centralised Approaches
If a centralised spectrum manager who knows full network CSI
(i.e., the CSI of all links) is present, then
OSB: The Optimal Solution


– The solution may be found by a nested bisection search in the -space
– Computationally highly complex
[6a] R. Cendrillon, W. Yu, M. Moonen, J. Verlinden, and T. Bostoen, “Optimal multiuser spectrum balancing for
digital subscriber lines,” IEEE Trans. Commun., vol. 54, no. 5, pp. 922–933, May 2006.

ISB: A Near-optimal Solution
– Can be solved efficiently by decoupling it into N independent problems

[6b] W. Yu and R. Lui, “Dual methods for nonconvex spectrum optimization of multicarrier systems,” IEEE Trans.
Commun., vol. 54, no. 7, pp. 1310–1322, Jul. 2006.

A Distributed and Self-optimising Approach



Game theory is about analysing interactions between individuals
Simultaneous water-filling (WF) is a popular solution
– Each individual needs only local CSI
– Individuals selfishly compete  highly inefficient
– Leading to the Nash Equilibrium (NE)  The Tragedy of the Commons!

[7a] G. Scutari, D. P. Palomar, and S. Barbarossa, “Competitive design of
multiuser MIMO systems based on game theory: A unified view,”
IEEE J. Select. Areas Commun.: Special Issue Game Theory, vol. 25, no. 7,
pp. 1089–1103, Sep. 2008.
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approaches for multiple access in wireless networks: A survey,” IEEE
Commun. Surveys & Tutorials, Mar. 2011.
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mutually interfering systems,” IEEE Trans. Wireless Commun., vol. 6, no. 3,
pp. 1102–1113, Mar. 2007.
[7d] Z.-Q. Luo and J.-S. Pang, “Analysis of iterative waterfilling algorithm for
multiuser power control in digital subscriber lines,” EURASIP J. Applied
Sig. Proc., May 2006.
[7e] K. W. Shum, K.-K. Leung, C. W. Sung, “Convergence of iterative waterfilling algorithm for Gaussian interference channels,” IEEE J.
Select. Areas Commun., vol. 25, no 6, pp. 1091–1100, Aug. 2007.
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A Foresighted Individual
A user can gain more from the game if the user is foresighted
Foresightedness: know what is going to happen upon one’s action
 Foresighted if full CSI + the strategies of other users are known
 Described by the One-Leader Stackelberg Equilibrium (OSE)


1.
2.
3.
4.
5.

A leader-follower model
The leader is foresighted but the followers are myopic
The leader directs the game and acts first
The leader waits for a steady-state response (an NE of
the rest of the users) before it revises its action
In so doing, the game will reach the equilibrium that is
most beneficial to the leader



Full network CSI (can be addressed by conjectures)
 Bi-level: A strict order of how the game should proceed
 Can all users be foresighted at the same time?
[8a] Y. Su and M. Schaar, “A new perspective on multi-user power control games in interference channels,” IEEE
Trans. Wireless Commun., vol. 8, no. 6, pp. 2910–2919, Jun. 2009.
[8b] Y. Su and M. Schaar, “Conjectural equilibrium in multiuser power control games,” IEEE Trans. Sig. Proc., vol.
57, no. 9, pp. 3638–3650, Sep. 2009.

Our Views
The idea of leader-follower is not practical
 Users cannot all be leaders but can all be foresighted!
 The key to avoid the tragedy of the commons is foresightedness
 Is it possible to have such ability with local CSI?
Local Observations  Global Foresightedness?
 This talk attempts to illustrate that this is indeed possible
Our Approaches
• To introduce the interactiveness of the game into the
optimisation of one’s action (via the interference derivative)
• To study the key properties of NE and OSE
o See if foresightedness capability can be realised by local CSI
• To propose a new equilibrium (AFE) where users are all
foresighted using the properties of NE and OSE


Self-optimisation of OFDMA via AFE

NE

AFE




Users in NE collide with each other and suffer from interference
Users in the proposed AFE manage to avoid each other and
switch to their best frequency channels for highest capacities

Simulation Results (Convergence)


Illustration of the user strategies



Is convergence an issue?

Convergence Regions

Simulation Results (Rates)


Average rates for the users



Comparison with the near-optimal centralised ISB solution

Simulation Results (CDF)


The CDFs of the rates normalised by those achieved in NE

Simulation Results (Rates vs SNR)


The average network sum-rate comparison

Simulation Results (Rates vs x)


The average network sum-rate

AFE for MIMO-OFDMA


Extending the analysis to MIMO is difficult but the concept can
be applied and a simple AFE can be designed

AFE Cognitive Radios: Primary User Protection



Coexistence of primary and secondary users
Primary users are automatically avoided while secondary users
compete (or negotiate) with each other for rate maximisation

AFE Cognitive Radios



NE secondary users harm primary users
AFE secondary users do NOT affect primary users

The Downside?


Interference is present in the negotiation process

Conclusions


What we know
a)
b)
c)
d)
e)



Self-optimisation requires global foresightedness capability
Foresightedness can be gained from local CSI observations
Free games are constructed for self-optimising OFDMA
AFE has a built-in ability for protecting primary users
AFE (distributed) achieves the rate close to that of ISB (centralised)

What remains to be tackled
i.
ii.
ii.
iii.
iv.

Any better way to define the equilibrium?
How to speed up the convergence to AFE or its variant?
How to control the interference to PUs in the negotiation process?
What if users are heterogeneous, how does that affect their actions?
Can the technique be extended to cope with relays or cooperation?

 THE END 
Thank you for your attention!
Appreciate Any Questions

