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Introduction

@ Underutilization of the radio spectrum with respect to time and
location: field measurements [1, 2].

@ Dynamic Spectrum Access (DSA) techniques: intelligent and efficient
use of the radio spectrum by allowing opportunistic unsubscribed
Secondary User (SU) access [2-7].

@ Cognitive Radios (CRs) and Software Defined Radios (SDRs):
enablers for DSA with the ability for cognition and reconfigurability
[3-7].

@ Infrastructure based networks, the Wireless Service Providers (WSPs)
by implementing DSA techniques, can potentially gain additional
profits by providing access to SUs [9-11, 14-22].
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Providing unsubscribed SU
access

Distributed framework (without
inter-WSP co-operation) with
Base Stations (BSs)
broadcasting local spectrum
information to the SUs

Minimum modifications to
existing infrastructure

No deterioration to the
subscribed Primary User (PU)
service

Additional profits to the WSPs
in the area from SU access
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Thesis Contributions (1/2)

@ Distributed system framework: orthogonal coexistence of PUs and
SUs at the same BS
@ Chapter 2: Contributions for proposed modifications at BS
@ Signaling framework for SU access
@ SU identification at the BS based on the Differentiated Service Code
Point (DSCP) byte present in the IP header
@ Structure for resource management at the BS
@ Chapter 3: Contributions at the SU terminal

o Autonomous network (BS) selection criterion
o Price-based handoff scheme
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Thesis Contributions (2/2)

@ Chapter 4: Dynamic incentive based SU pricing model
@ Opportunistic SU pricing
@ SU price based on PU demand at the BS, PU price and the Spectrum
Utilization Factor (SUF) at the BS
@ Inherent SU admission control
@ Chapter 5: Competitive Inter-WSP pricing

@ Equilibrium analysis and differentiation of SU wireless service
o Demonstrate the profitability potential to WSPs from SU access
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Chapter 2

Signaling Framework for SU-BS Interaction

Signaling Framework for Unsubscribed SU access

i

WSP 3 (WiMAX)
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@ Forward link SU Broadcast
Channel (F-SUBCH): Sending
spectrum information at the BS
to the SUs in the coverage area.

@ Selection of the most
appropriate Base Station (BS)
autonomously at the SU
terminal based on the SU price
and signal strength (Chapter 3).

@ Reverse link SU Access Channel
(R-SUACH): Spectrum Access
Request (SAReq) to be sent by
the SUs over this channel along
with the channel state
information.
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Signaling Framework for SU-BS Interaction
Signaling Framework: Authentication
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SUs are required to be
preregistered to a SU online
database.

Online database accessible to
Authentication Server (AS) at
the WSP.

Forward link SU
Acknowledgment Channel
(F-SUAKCH): Channel useful for
the BSs to send
acknowledgment information
and temporary wireless service
contract to the authenticated

SUs.
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Signaling Framework for SU-BS Interaction
Signaling Framework: Connection Establishment

@ Forward link SU Shared Channel
(F-SUSCH): Downlink data
transmission from BS to SU.

@ Forward link SU Control

7 ] ] Channel (F-SUCCH): Downlink
< pr— control information from BS to
- SuU

F-SUCCH

> @ Similar Channels for uplink

. (R-SUSCH and R-SUCCH).

@ These channels post connection
establishment will be in
accordance with LTE [12] or
WiMAX [13].

R-SUSCH

R-SUCCH
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Signaling Framework for SU-BS Interaction
SU Type B: PUs temporarily converted to SUs
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@ PUs may obtain temporary
service from any WSP in the
area to any other application
classes they are not primarily
subscribed to, by temporarily
converting into SUs.

@ Real time spectrum updates
obtained via SMS or internet
(e.g. using Twitter [23]) will
help save power at the SU
terminal required for scanning
the frequency bands in the
region to obtain spectrum
information from the BSs of
various WSPs.
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Chapter 2 SU-PU Differentiation

SU ldentification based on DSCP Byte

@ Mechanism helpful for authentication, billing and resource
management at the BS

o Differentiated Service Code Point (DSCP) byte present in the IP
header: Quality of Service (QoS) for a user in Diffserv architecture
[24].

@ Two rightmost bits of the DSCP byte are currently unused, and are
default set to 0.

@ SU packet identification proposed by setting the rightmost byte to 1.

DSCP byte with the proposed modification

DS5 | DS4 | DS3 | DS2 | DS1 | DSO | CU @4— 0-PU
1-SU

2 bits — Currently

6 bits — specifying QoS for DSCP Unused (CU)
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Resource Management at the BS

@ No deterioration to PU service

@ Resources available to SUs:
based on residual spectrum at
the BS after all the PUs have

Residual part of the spectrum band

available for potential SU access been served
A— @ First: allocate resources to
% provide satisfactory QoS to the
PUs
Part of the spectrum band @ Residual Spectrum: resources

currently used for serving PUs

allocated to SUs

@ No guarantee for QoS to SUs in
all circumstances, but whenever
PU demand at BS is low
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Autonomous Network (BS) Selection

@ SUs select BSs instead of WSPs, since BSs transmit their local
spectrum information to the SUs in the coverage area

@ SU Centric Approach: SU terminals autonomously select the most
suitable BS based on:

SU price (s;j ) quoted by BS; for application class j

Signal strength, i.e., average achievable link spectral efficiency (7;)

SU application class requirements

RATSs supported by the SU terminal

¢

e ¢ ¢
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Notations

o Aoi={jlj € N,j < m}: Application classes offered by the WSP to
the SUs.

o A, ={jlj € N,j < n}: Application classes requested by the SU for
temporary wireless access.

n n n
] BS/: BS,' LSij = min E S1.,j, E 52.j5 e E Sw,j
JEA=1 JEArj=1 JEArj=1

denotes the short list of BSs, which provide the temporary wireless
access for application classes requested by the SU (A,) at the same
minimum SU price.

@ Rp: Set of Radio Access Technologies (RATs) x supported by the
BS;, where x is the index of the RAT.

@ Rgs: Set of RATs supported at the SU terminal.
o Also s;j =M (very large) if j € A,, butj ¢ A, (Ao,
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Networkl(ES)
Network (BS) Selection Criterion

General BS Selection Criterion

n n
Bi x x H lij ] < [arg min g Si Jif 3,
. . ’:1727"'7W . .
= JEArj=1 JEAr =1
n
Bix x H lij ] x <arg neman (77,-)> , otherwise,
I
JEA j=1 !

[ 1, ifjeANAs,
'J 0, otherwise,

B — 1, ifXER[gnRg,
10, otherwise.

Selection and Handoff

(1)
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Price-based Handoff Scheme

@ SU price changes dynamically o Cy (SU defined parameter):
w.r.t. spectrum utilization at the Handoff triggered whenever (2)
BS (Chapter 4). is satisfied.

@ The SU price thus may changes @ Allows the SU to select the most
from one time window (1) suitable and least expensive
(preset by WSP, e.g., 10 minutes) network in every time window.

to the next time window (T2). @ Regular handoff is assumed to

Handoff Criterion be not requi.red.
sij(T2) — sii(Th) @ Cpy (SU defined parameter):

> Cip, (2) Allows the SU to disconnect, if

sij(T1) prices for all BSs for T, are
where Cy;, is a non-negative real beyond the affordable price of
number. the SU.
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Price-based|Handoff
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Chapter 4 Dynamic Incentive based Pricing Model for Charging SUs

Rationale for SU
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Dynamic pricing for SUs: SU
price based on PU demand
(cipu), SUF (avj¢) at the BS
and PU price (p; ;)

Inherent SU admission control:
log barrier function
Opportunistic: Price for each
new SU entering the BS is thus
different

Incentive: s;; < pjj

Attract SUs when PU demand is
low
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Dynamic Incentive based Pricing Model for Charging SUs
Incentive based Pricing Model
® «jp : Spectrum reserved for handoff; ¢ = 1 — ) p.
® o st Spectrum at BS; occupied by SUs; a;j sy iff aj py < i gh.

@ «aj:: SUF; aj ¢ = ajpy + s
® «;jc: Incentive cutoff limit beyond which s;; > p; ;.

SU Pricing w.r.t. PU price (p;j) and SUF () at the BS

sij = (fij(aie))™ x pij, (3)

where m; j is the exponent of f; j(aj ) and is a non negative real number.

v

Normalized SU price [31]

. n; j
—In(l—(a”t) ) 0 < aj; <

fijlait) = i TS T (4)
00, if Qj th < Qj < 1)

where n; j is a positive real number representing the exponent in f; j(«; ¢)
ntive Cutoff Factor (1CF)
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Chapter 4 Dynamic Incentive based Pricing Model for Charging SUs

Variable Nature of the SU Pricing Model

Normalized SU price f\i (ait)
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4 T T T | T T T T
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Dynamic Incentive based Pricing Model for Charging SUs
Price Leveling Factor (PLF)

@ Provides additional flexibility

2 T

Lel| T lamy =02 ] to the WSPs for adjusting
—— fu (“u)' ml.]-O.G A . )
ol == 1y = ] their dynamic prices.
= e fl. (au): m,= 14 .
S o ms0m @) =p, =1 ] @ SU prices may need to be
g ol etes ] adjusted for
3 & ensuring profits
g o8 @ competing with the other
£ L .
5% regional WSPs
04r
ool / @ m;; = 0 gives static pricing
T e with sij = pi,
SUF (o) o =07 o, =09 n=183 o =04 . .
w0 s @ ¢;j = 0.5 is fixed cost here,

and m; ; = 0.6,0.2 can
ensure no loss to WSP for

@ WSP configuration parameters: «; ¢
each SU served.

and Qjjc-
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Dynamic Incentive based Pricing Model for Charging SUs
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Inter-WSP Competition
Competitive Pricing among Multiple WSPs

o Competitive SU pricing
among regional WSPs
essential for individual WSP
profits

—k— (o) a =09
451 —e— h; (0

‘‘‘‘‘ reference PU price p, =1
¢, =03+02()

@ Achieving competitive pricing

ay =085

;32 rmn— ‘ very difficult with

L, S dynamically changing SU

% A price

§ 1 @ Equilibrium analysis with
T static prices and SU service
N | differentiation based on the

=)

o o1 oz o..ASFos(a”)oe 07 08 09 1 wireless channel:
intermediate step to achieve
competitive dynamic pricing
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Inter-WSP Competition
Strategy for Competitive Inter-WSP Pricing

@ SU service differentiation based on the wireless channel (Thesis:
Section 5.3 and Section 5.4.1)

@ Equilibrium analysis with static pricing based on SU service
differentiation (Thesis: Section 5.4.2)

@ Implementation of static NE SU price obtained from the above
equilibrium analysis onto the proposed dynamic pricing model using
the PLF (Thesis: Section 5.4.3)
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Inter-WSP Competition
Equilibrium Analysis and the Differentiation of SU service

BS: WSP1 BS: WSP2

SU at location ‘d’

@"' 00000RRLRRLRREY

df; \47 y4>l<71 - y4>‘ df;

@ Identical product or service — high competition, low or zero profits
@ Differentiation of product or service — low competition, higher profits

@ Differentiation of the SU wireless service represented by the
Dissatisfaction Price ({) based on the variance of the wireless
channel; ¢ = K1K> ($), where K1 =1 ($); K> = (2422) [32-34].

@ Perceived price to each SU: U;j(y) = Sij+ (¢ x y) )
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Inter-WSP Competition
Transformation for Achieving Competitive Pricing

@ Nash Equilibrium (NE) SU price (5;:] = G j + () mapped onto
dynamic incentive based pricing model using PLF m; ;.

SU Pricing w.r.t. PU price and SUF at the BS

sij = (fij(ie))™ x pij.

° 5,?‘:1- = s;; mapped to price for the first SU entering the BS at
aj+ = «j py by rearranging (5) as follows:

Value of m; ;

In (2
Pi.j

In(f; j(ci.pu))

mi; =

(6)
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Chapter

5 Simulations and Results

Scenario: Similar PU Demand and Symmetric Costs

= Symmetric WSP costs
Y SUs connected to WSP,
© SUs connected to WSP,

i

0.6f . ]
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T oaf a 1i
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Chapter 5

Simulations and Results

Scenario: Dissimilar PU Demand and Asymmetric Costs

Normalized SU price fIl (a”)

\NSF'] costs
- WSF'2 costs
% SUs connected to WSP,
© SUs connected to WSP,

- = =Caselim, =027, {=0.24
- - -Case1:m,; =0.28,{ =024
‘‘‘‘‘ Case 2:m, =053, {=0
- = Case2:m, =059, (=0
Case3:m, =1, (=0

Case:«)‘mzjzl, £=0

0.4
SUF

05
(o)

0.6 0.7 0.8 0.9

o a1, pu = 022, Qa2 py = 0.52

9 Cq = 0.3+ 0.2(&,’71_»),
0 =0.14+0.7(c:)

Soumitra Dixit (Carleton

niversity)

=
)

_*—Casel m1'1:0.27, (=024
- @ - Case 1; m2‘=0.28. =024
‘_*_‘Casez m1'110.53, £=0
-0~ Case2:m, =059, (=0
—k—Case3:m, =1,0=0
—e—Case3:m, =1,{=0

®

)

i

Cumulative profits CP._ () per fixed block of B bytes
N

0 5 10

15 20

Number of SUs with wireless access and monetary incentive

@ Prices and WSP profits still
highly competitive in this extreme

scenario

MASc Thesis Defence

January 8, 2010 31 /44



Chapter 5 Simulations and Results
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Chapter 6 Conclusions and Future Work

Conclusions

@ Distributed system framework for enabling unsubscribed SU access in
infrastructure based networks with minimum modifications to existing
infrastructure.

@ Mutual benefit of temporary wireless access to the SUs and additional
profits to WSPs, without deterioration to the subscribed PU service.

@ Dynamic incentive based pricing model and Competitive inter-WSP
pricing demonstrating the profitability potential to the WSPs from SU
access.

@ Opportunity for individual WSPs to provide SU access without need
for inter-WSP cooperation.

“Intermediate step between current infrastructure based networks and
cognitive networks of the future”
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Chapter 6 Conclusions and Future Work

Future Work

@ Advancements in the signaling framework from the standardization
perspective

@ PU-SU resource management: throughput and fairness analysis
@ End-to-end simulations for network selection and handoff

@ Pricing model extended to handle multiple application classes at the
BS

@ Equilibrium analysis to access multiple (more than two) WSP scenario

@ Extension of the dynamic pricing model to provide SU access in
multi-hop networks
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