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ABSTRACT

The ever-increasing demand for wireless services requiring high data rates with low
latency, and increasing need for seamless connectivity with good user quality of ser-
vice and experience, pose great technological challenges that need to be overcome. A
lot of research effort has therefore focussed on these challenges. To improve spectrum
utilization efficiencies, use of underlay cognitive radio techniques is being explored.
Relays have been incorporated into new standards to increase range and reliability of
links. When the relays are of half-duplex type, a rate penalty is incurred. In coopera-
tive networks, harnessing diversity is known to be key to attaining good performance.
Combining the direct and the relayed links, or using relay selection are options. In re-
cent years, it has been shown in the cooperative context that adaptive link selection in
a two-hop network can yield additional diversity gain. However, to make this possi-
ble, the relay has to be equipped with a data buffer. A range of issues related to rate,

symbol-error probability, and delay performance arise.

Since the sources in underlay cognitive radio networks are power-limited, reliable
communication is only possible over relatively short distances. Use of relays is thus
well motivated. Further, the interference constraints imposed by the primary network
in underlay cognitive radio makes the power available at the secondary nodes a random
quantity. Coupled with fading nature of the channels, this ensures that the signal to
noise ratios in each of the two-hops show high variability. Use of adaptive link selec-
tion with buffer-aided relays is therefore very well motivated in underlay cognitive radio
networks. The thesis examines the performance of an underlay cognitive radio network
with a decode-and-forward based dual-hop half-duplex buffer-aided relay. The the-
sis analyzes the ergodic rate performance of such networks with continuous adaptive-
rate transmission. It is clearly demonstrated that adaptive link selection is important
in underlay scenarios. The thesis also analyzes the loss incurred in rate when delay-
constraints are imposed. In addition, the symbol error rate performance is analyzed for

fixed-rate transmission. The analysis highlights the importance of link selection in de-
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lay tolerant systems. Moreover, the thesis investigates the analytical trade-off between

delay, throughput and symbol error rate for finite buffer size and starving buffer cases.

Due to variability of signal to noise ratios (SNRs), use of a discrete rate-set is well
motivated. This thesis further analyzes the throughput performance when the secondary
source and relay use multiple rate sets instead of adapting their rate, or use a single
rate. The source to destination direct link is also exploited. In order to maximize
the throughput, the thesis first develops the joint rate and link-selection rule, and then
analyzes the buffer-stability condition. The thesis then provides expressions for link and
system throughput when operating at the optimum stability point. These results have
been applied to two schemes. While the first merely performs adaptive link selection
among the three links, the second scheme combines the direct and relayed signals. We
show that link selection of buffered and the direct path enables us to harness most of
the throughput potential of underlay cognitive radio networks, and combining the direct
and relayed signals offers little additional throughput gain. The thesis then investigates

the effect of finite-sized buffer on throughput and delay.
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L3108

T TIeadT & TATY 3T 3T &I T HTTTH AT dTell AT TAT3HT F foIT STRITAR Fodt 7791, 3R
AT 3R 37737a T 3T STANITehT I[UTET oh HTY TGS ot [FC AL T TGeil ITARIehcll, HET
AehattehT oA ferat T HTHAT AT TSAT & | ST S ML TATH 7 FoT el [ dT IR €T hfered
ToharT & | T 3TN &THAT H FUR et & [T, 37sTel HallellcHeh ISAT Teheliohl oh ST hT
AT ST3TTT ST T@T & | Toieh chl HYAT 3R faRaE=iadr dg1et & Tt et sht 570 HreTehl & Q1fder feram
TATE | 9 R IMGAY TFR F B &, A& H FHAT gIdT &1 Tgh) sicash H, fafayar sraegst
37 Y& ol UTCe el o TeTT HEedquT AT STl & | FeeT AR Retes feie i sitsar, ar Rer
Foreierere &1 3TART AT 3rToT [Ashed §1 81T & It #, Ig HehRI deH # fg@mar arar g fh al-
BI sledeh H 3fefehell feleh T TeT JHTciRercl fafaerar gTiirer v HehdT €| gTelifeh, S8 T8Td Tellel oh
forT, Reel Y 3eT ST @ o | AT 81T | &F, Fchieh-fe T1GAT 3R <t Jerdlel & HeIftrd Heel & v
HGell Schoet Bl 8|

Tk 3STel HATeATcH ST Acdeh o U ATFA-TNAT &, THTAT faeas=iia Hor 319eTehd Ha
o I &Y HHA § | el &7 39T 30 YehR 31<8) e & IR &1 38 37eldl, A HaledlcAs
33 7 TrufAs e gaRT oRIT 910 §EdaTy STt i AT A Asd H T Jfaafad AT #
ST ITF FATE & | AeTell ¥ et gelt Ty A5 AR el & o wedep ar-grow
TH.UA.3R. o0 IRARITerdT le@re €1 ST Uss Rel o A1 31eTeholl Toleh T2t ot 3uZter
ST SET 3T AXE W 37l FaAleAIcAeh 3T Aeah # IR 71 My yaier fBehrs-vs-pikas
MR QTeX-BIT BTh-STelerd SHI-USS Rel & ATY Teh 37Tl HATeATcHh ISAT sAedeh & TGl Shr
ST YT & | QMET ety oo 3fefehell-ax HeROT & |1 U wlcaeh & Taiiiseh &t Teeie &t
TRCINOT XA & | g TITE & & SATAT IAT & Toh MRS TReLAT H 3eTehell foish T et
Fgcaqul &1 eMer geer g3 3 &t &7 fagetoor 8 el § o1 S-areTd oS el €1 38eh 37era,
ftheres YT craffreret & foT veiieh 3 & veeler a1 faeeiyor foham SiTe & | faeeor 23 afgsop
sonieral # feleh et o FAged TR TehTel STelcll & | SHeh JTelTal, MET JaTEr Y, IhY 3T AT o
THT ATH & forT &8, Yqe 3N Telieh 3 2T o e faRAvoTIcHes GHS AR HHeade $ S
HLATE |

TH. T, 37X I Hehel hl IRAAATIAT o HRUT, FSEhIC EX-HT FI 3TN ST g T IRT g1 T8
QMer aIer 31T Y Yot T fAeetyor el § STa Areafaes A 3 Ret 3oty a3t sgret &
T &5 &3 BT T STATT FA &, AT Tehel &I T 3TN FIA & | SRRFE foieh oY ST Fa &
It T 3 3TN GIelT & | YUC T HTAhAH el & fAT, AT Jaier Gg el HYereT & 3R Toleh-arare
e Rfaa Frar g, 3R b se-FEerar i FRufa &1 fAevor Hear g | e weer a9 sseds




T fig W 1 e @3 foleh 3R [&ees yge & fov sifdeafed vere wiar & | F aRoms ar
ST 9X oA19] fohT 91T § | STeifeh Igell sharel clteT foieh o sTer 37efehell feleh ol Tl il &, GErl
ATSTaAT Tt 3T Ret [aeTer 1 Sitsell & | 84 fe@rd ¢ foh i fohT a7 fete ot Tt 3iR der
& G 35Tl HeaTallereh ISAT Seaeh & HTRIhILN YT &TH T algeT hial 7 HETH Sl ¢, AR
egel AR Reles [@aeter & Gt @ st 3faRed Yue orer fAerar &1 e geer ae yge 3R &q
R IRIAT 3R o TH & THTG T ST Xl § |

vi



Contents

CERTIFICATE i
ACKNOWLEDGEMENTS ii
ABSTRACT iii
LIST OF FIGURES xii
LIST OF TABLES xii
ACRONYMS xiii
NOTATION XV
1 INTRODUCTION 1
1.1 Radio Resource Management . . . . . .. ... ... ........ 2

1.2 Cognitive Radio Network (CRN) . . . . . ... ... ... .. ... 4
1.2.1 Underlay Access . . . . . . . ... ... ... ... 6

1.2.2 Overlay Access . . . . . . . . . . . o e 7

1.2.3 Interweave Access . . . . . . . . . ... 8

1.3 Channel Model . . ... ... ... .. ... ... ... . ... 9

1.4 Performance Metrics . . . . . . ... .. ... . 11
1.4.1 Ergodic Capacity . . . . . . . .. ... ... 11

1.4.2  Outage Probability and Outage Capacity . . . . . . .. ... 11

1.43 Average Throughput . . . . . ... ... ... ....... 12

1.44 SymbolErrorRate . ... ... ... ... ......... 12

1.5 Cooperative Relay Communication . . . . . . ... ... ... ... 13
1.51 Buffer. .. ... ... ... ... 15

1.5.2 Transmission Schemes . . . . . ... ... ... ...... 15

1.6 Motivation of Bufferin Underlay . . . . . ... ... ... ..... 19

1.7 Thesis Contributions . . . . . . ... ... ... .. ... ... .. 20

vii



1.8 ThesisOutline . . . . . . . . . . . . .

Performance of Adaptive Link Selection with Buffer-Aided Relays in Un-
derlay Cognitive Networks

2.1 Introduction . . . . . . . ...
22 SystemModel . . . . ... .
22.1 ChannelModel . . . .. ... ... ... ... ... ...
2.2.2  Channel-Aware Buffer-Aided Relay (CABR) Scheme . . . .
2.2.3 Buffer Dynamics . . . .. .. ... ... ... ......
2.24 Implementation . . . . . . . .. .. ... .. .. ... ...
2.2.5 Benchmark Conventional Schemes . . . ... .. ... ..
2.3 Complementary Cumulative Distribution Function (CCDF) . . . . .
2.4 Fixed Rate Transmission . . . . . .. ... ... ... .......
24.1 Conditional SER . . . . ... ... ...
2.4.2 Effective SER and Delay Analysis . . . . ... ... ....
2.4.3 Constraint Schemes for the Starving Buffer . . . . .. . ..
244 Simulation . . ... ...
2.5 Continuous Rate Transmission . . . . . . . . ... ... ......
2.5.1 Ergodic Capacity Analysis . . . . . .. ... ... .....
252 Delay Analysis . . . . .. ... ... .
253 Simulation . . ... ... Lo
2.6 Chapter Summary . . . . . . . . . ...
Appendix . . ...
2A Proof of Lemma 2.3.1 (eqn. 2.10): . . . . . ... ... ...
2B Proof of Lemma 2.3.2 (eqn. 2.11): . . . . . ... ... ...
2C Proof of Integral in Definition 2.4.2 (eqn. 2.14): . . . . . . .
2D Proof of Lemma 2.4.1 (eqn. 2.18): . ... ... ... ...
2E Proof of Lemma 2.4.3 (eqn. 2.21): . . . . . .. . ... ...
2F Proof of Integral in Definition 2.5.2 (eqn. 2.87): . . . . . . .

Framework for Discrete Rate Transmission in Buffer-Aided Underlay
CRN With Direct Path

3.1 Introduction . . . . . . . . . . . e

32 SystemModel . . . ... ...

21

23
23
25
26
28
29
31
32
32
34
35
40
49
54
62
63
66
67
72
74
74
76
77
79
80
81

84
84
86



3.3 Implementation of Link Selection . . .. ... ... ... .....

3.4 Performance Evaluation. . . . . . ... ... ... ... ......

3B Generation of STPsfor K =2 . . . . . . ... .. ... ..

4 CONCLUSION
4.1 Scope for Future Work . . . ... ... ...

REFERENCES

LIST OF PUBLICATIONS BASED ON THIS THESIS

AUTHOR BIOGRAPHY

116
123
133
133
136

143
144

145

154

154



List of Figures

1.1
1.2
1.3
1.4

1.5

2.1
22

2.3

24

2.5

2.6

2.7

2.8

29

2.10

2.11

2.12

2.13

The frequency spectrum . . . . . . .. ... ... ... ... ..
Basic block diagram of Cognitive Radio Network [1] . . . . . . ..
Depiction of a point-to-point underlay cognitive radio network. . . .

The three nodes dual hop HD transmission protocols without direct path

Channel realization and timing diagram of CNBR, CBR and CABR
schemes for NV = 6. Numbers in the boxes refer to the channel capacity
realization in bpcu (according to the channel SNR gain). . . . . . .

A three node dual-hop CRN with buffer-aided relay . . . . . . . ..

State transition diagram for a modified threshold based transmission
protocol. . . . ...

SER of link-1 and link-2 vs. 7,4, ¢.f. (2.58,2.80) , as well as approxi-
mated expressions (2.59,2.81), and asymptotes. . . . . .. ... ..

System delay vs. 7, in Lemma 2.4.7 (eqn. 2.63) for PIP case when
L — oo cf. (2.52), (2.65), (2.69), (2.75). . . . . .. ... ... ..

SER vs. T, in Lemma 2.4.7 (eqn. 2.63) for PIP case when L — oo c.f.
(2.65), (2.69)and (2.74). . . . . . ...

SER/Delay vs. T at f(Tz),mm for finite L and d;, = 1.5, dyp, = 2.0 cf.
(2.70),(2.25),(2.22). . . ..o

Effective SER vs throughput of the MDMT scheme for L = 10. It can
be seen that difference in SER performance is negligible. . . . . . .

System delay vs throughput of the MDMT scheme for L = 10. It can
be seen that difference in delay performance is large. . . . . . . ..

Delay vs. T for L = 4 and d;, = 2.0, dg, = 1.5 cf. (2.70), (2.69),
(2.52),(2.20). . . . . e e

SER vs. T for L = 4 and d;, = 2.0, dy, = 1.5 cf. (2.70), (2.69),
(2.25),(2.20). . . . e

Ergodic capacity of CABR vs d;,, cf. (2.88) Y4z = 30 dB, 7, = 10
dB, O, =Qp, =100 0 0 0oL

pe),opt Of CABR vs dyy,, cf. (2.88) Ve = 30 dB, 7, = 10dB, @), =
th =1 and th = th =01... ... .. . . . .

Ratio of ergodic capacity of CABR with respect to CNBR, cf. (2.88),
(2.94a), (2.94b), Yimez = 30dB, v, =10dB,k =3. . . . . ... ..

16

18

27

35

56

57

57

59

60

60

61

61

69

69

70



2.14

2.15

2.16

3.1
3.2

33

34
3.5
3.6
3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

3.15

3.16

3.17
3.18
3.19

Ratio of ergodic capacity of CABR w r t CBR, cf. (2.88), (2.97) Vmaz =
30dB,v,=10dB,x=3. . ... ... ... ...

Ratio of throughput of CABR with respect to CNBR, cf. (2.88), (2.94a),
(2.94b), where p(y) ot 18 chosen to satisfy delay constraint cf. (2.91).

Probability of a buffer overflow vs buffer size L, assuming delay is
constrained cf. 2.91)to7.3and3.3. . . . ... .. ... ... ...

Three node cognitive buffer-aided relay network. . . . . . ... ..

Rate triplets represented as a cubic (scheme-1) lattice constellation for
RV =R =RE={0,1}. ... .. ... .. ... ... .. ...

Rate triplets represented as a cubic lattice constellation for R = Rk? =
R’§3 = {0,1,2} in scheme-1 (left side) and scheme-2 (right side).

SNRregionof yoand ys giveny; > 41 . . . o . o oo
State transition diagram for L=5and K =2. . . . . .. ... ...
State transition matrix for L=5and K =2.. . . . ... ... ...

System throughput vs. S of Scheme-1 and 2 with fixed rate in the PIP
regime for different dy,, dop . . . . . . ..o

Buffered/Direct throughput vs. S of Scheme-1 and 2 with fixed rate and
different schemes in the PIP regime for different dy,, dop, . . . . . .

Throughput vs. ~, of Scheme-1 for fixed rate and different value of

VIGE + ¢ e e e e e e e e e e e e e e e e e e e e e e

System throughput vs. 7, of scheme-1 with .S = 1 for different discrete
rates and Vipaze  « - v v e e e e e e e e e e e e e e e

System throughput vs. 7, of scheme-1 with S = 1.75 for different
discrete rates and Viaz. « -+ ¢ v v e e e e e e e e e e e

System throughput vs. -, of schemes-1 and 2 in the PIP regime with
vp = —5 dB for different discrete rates. . . . . ... ... ... ..

Average delay (analytical and simulated) vs. v, in PIP case, when L =
dand L =9.. . . . . e

Throughput (analytical and simulated) vs. -, in PIP case, when L = 5

Average delay vs. throughput-loss in PIP case, when L = 5 and 9.
Average delay vs. throughput-loss in PIP case, when v, = —5 dB.
RC (R, RY>. RE®) representation of “plane- R5*” for K = 2.

xi

70

71

71

87

97

98
111
120
120

126

126

127

127

128

128

130

130

131

131
132
132
136



List of Tables

1.1 The range of radio frequencies and their applications . . . . . . .. 3

2.1 Modified threshold based transmission protocol and corresponding state

transition probabilities (STPs) for the CABR scheme. . . . . . . .. 29
2.2 Pointer operation and bits/room availability in FIFO buffers . . . . . 30
2.3 CCDEF, expectation of CCDF, state transition probability, asymptotic

SER and ergodic capacity of state [ € {0,¢}.. . . . . .. ... ... 73
3.1 Rate selection-metrics for different link-selections . . . . . . .. .. 94

3.2 Different use-cases, their conditions, coin-toss probabilities and buffered/direct
throughputs . . . . . . .. ... 109

3.3 Domain sets for equal single rate, i.e. R} = R2 = S. ¢ denotes the null
SEL. . o e e e 112

3.4 Joint probabilities in scheme-1 and 2 (from (3-44), (3-45) and (3-48),
(3-51) of Lemma 3.4.6 and 3.4.7) in PIP where H (y, y2) is in (3-58). 115

3.5 Joint Probabilities associated with domain sets for equal single rate . 124

xii



AM
AF
AWGN
bpcu
CABR
CBR
CCDF
CNBR
CR
CRN
CSI
CT

DF

FD
FDD
FM
HD
IoT
IIT
ITL
LSP
LTE
MC
MDMT
MIMO
NOMA
OSTBC
PAN

ACRONYMS

Amplitude Modulation

Amplify and Forward

Additive White Gaussian Noise

Bits Per Channel Use

Channel Aware Buffered Relay
Conventional Buffered Relay
Complementary Cumulative Distribution Function
Conventional Non-Buffered Relay
Cognitive Radio

Cognitive Radio Network

Channel State Information

Constant Throughput
Decode-and-Forward

Full-Duplex

Frequency Division Duplex
Frequency Modulation

Half-Duplex

Internet of Things

Indian Institute of Technology
Interference Temperature Limit

Link Selection Probability

Long Term Evolution

Markov Chain

Maximum Delay Minimum Throughput
Multiple Input Multiple Output

Non Orthogonal Multiple Access
Orthogonal Space Time Block Codes

Personal Area Network

Xiii



PDF
PIP
PTP
QAM
QoS
RC
SER
SNR
STM
STP
TDD
TV
TVWS
WLAN

Probability Density Function
Peak Interference Power
Peak Transmit Power
Quadrature Amplitude Modulation
Quality of Service

Rate Constellation

Symbol Error Rate
Signal-to-noise-ratio

State Transition Matrix

State Transition Probability
Time Division Duplex
Television

TV White Space

Wireless Local Area Network

X1V



erfe( .)
expl( )

p( )

EX,Y(- s )

NOTATION

Absolute value
Double factorial
Gamma function defined on the complex plane except for 0 and,

negative integers, where I'(z) = [t*le™" dt
0

Path loss exponent

Zero mean complex Gaussian distribution with zero mean and variance €2
Instantaneous channel capacity

Ergodic capacity

Dilogarithm function in terms of Spence’s integral, where

Diy[z] = — | b gt

Exponential function

Generalized exponential integral for real non-zero values of order p, where
oo

E,(z)= [t Pe™dt (p=0,1,2,...)
1
Expectation over random variables X

Expectation over random variables X and Y
Probability density function of random variable X
Probability distribution function (PDF) w.r.t. X and Y
Complementary cumulative distribution function (CCDF) w.r.t. X
CCDF w.r.t. X and Y

Interference temperature limit

Buffer length

Noise variance

Secondary peak power

Probability

State transition probability from state [ to m

Outage probability

Transmission rate

Symbol error rate (SER)

Throughput

Average Delay

unit step function

Link selection variable

XV



	Final_Thesis_Bhupendra.pdf



