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ABSTRACT

Two major problems greatly impede ubiquitous deployment of wireless devices. The
first relates to spectrum scarcity caused by a surge in the number of communication
devices and types of data services. It is now widely accepted that cognitive radios, that
allow licensed (primary) users to share their spectrum with the unlicensed (secondary)
users show great promise in improving spectrum utilization and overcoming spectrum
scarcity. Underlay type of cognitive radios, in particular, are being researched widely
in recent years. The second major problem impeding the growth of wireless services
relates to battery limitations and difficulty in replacing them. Energy harvesting has
been suggested as a practical solution to this problem. While energy harvesting from
ambient sources is possible, it has been demonstrated that harvesting energy using the
signal transmitted by the source is practical and reliable. It is clear from the above that
underlay cognitive radio with energy harvesting nodes is of practical interest. Since
the performance of these systems is quite different from that of conventional energy
harvesting systems, accurate analysis is important. Understanding how to optimize
performance of these systems is vital. This thesis makes important contributions in
analysis and optimization of performance of underlay cognitive radio links with energy

harvesting nodes.

In the first contribution, the thesis examines a new framework that facilitates joint
energy and spectrum sharing. In this framework, a multi-antenna primary transmitter
communicating to its receiver via a relay shares excess energy (after ensuring adequate
signal-to-noise ratio (SNR) at the relay) with a secondary transmitter, thereby enabling
it to share the spectrum during the second hop of primary transmission. Design of a pri-
mary beamformer is discussed, and performance of the secondary system is analyzed.
It is shown that judicious power allocation between the primary source and the relay is

vital to achieving good secondary performance.

In the second contribution, a protocol is proposed that enables the secondary two-
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hop network with an energy harvesting relay to attain good throughput by allowing
the charging duration to vary with channel gains. It is well known that in a two-hop
transmission with relay powered by source transmission, choosing the fixed charging
duration optimally is very important to attain good performance. However, due to the
large variation in the SNRs of the two hops in cognitive radio networks, and random
nature of the energy harvested, the performance attained is often poor. One solution
to this problem is the use of a variable charging time that depends on channel gains.
A protocol is proposed in this chapter that facilitates this without requiring channel
gains to be measured and passed between nodes. In the proposed scheme, energy is
transmitted in small packets until the relay is sufficiently charged. An estimate of the
number of energy packets is based on channel variances, though knowledge of second
hop channel gain can result in throughput gains. It is shown that when the error in
second-hop channel estimates is large, it is best to use the statistical average channel

value to estimate the number of energy packets required.

In the third contribution, the two-hop cognitive underlay network is revisited, and
importance of the direct channel in the analysis of the performance of such networks is
brought out. It is argued that the nodes in such a network need to be in proximity for
acceptable performance due to random nature of the energy harvested as well as random
transmit powers of nodes. However, in all literature to date, it has been assumed that the
direct link between source and destination is shadowed. In this thesis, the case when
the direct and relayed signals are combined is considered. We demonstrate that relaying
is advantageous in such links only when it possesses multiple antennas, which is quite
unlike the situation in non-energy harvesting networks. Further, the performance of the
incremental relaying protocol is analyzed, and it is shown to result in performance that

is superior to direct signalling without a relay.
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aRr

& U JHWNE FdR (wireless) SUHRUN 1 FaodTdl a1 & STeT STe! § | U8, TaR SUBHRON
3R ST Yarsit & TR H g & HRU WaeH Bl B J FafRid B 3/ g AU T J bR
T3 ST 8 o RIS ASAT (cognitive radio), ST AT U (UTUfHP) SUTNTGATSIT BT 30—
@H@ﬂﬁmﬁ%ﬁ (feddla® (secondary)) SUARTH A3l & Y JrdT B Bl Hﬂqﬁlé?ﬂ%
WeeH IUANT H FUR 3R WeaeH B HH W H1Y TR § §gd g1 INeT &dT g1 9y w0 J
TIHTHD ST &F IS (underlay) THR BT 8T & I8 B TS 0 I WY fobar o1 W2 | JaR
Jarsfi & AT B gHIfad HA arell GO T1 THET gt Wreht 3R 37 s H Hiers
Taiferd §1 39 THT & TGRS JHIYH & TG B Soll Y9 (energy harvesting) BT JId far
T ¥ | Safe URAY Tl (ambient sources) & Foll B T THa B, I8 <=ITar T B 6 i gR
Dt R (signal) BT SUGNT B WA (harvested) Hoil GRS AR HAJHE 21 I8 Iudad I
Wy § o5 Soil Tag A1gy & 1Y 3SR WIS ST AGgTRe 3 &7 81 9fes 3 gonfert
T UG IRIRAT Jroll Tea JuIet  HTHE ST 8, SAfeT 9l fazayor qgayquf g1 &
gonferdl & UGR B BT (optimize) TR B AP B THA Hedyul 71 T8 MR SHoif
TG ST & 1Y Sfexdl VTS A i & TR & [I=ewor iR 3IH e (optimization)
# Heaygul IRTErH T 3

Ugd ATe H, MR U 7% G P offd BRal & S Ggad el 3R WaeH are
B B AU T BRaT 31 39 g H, Th R & Aremd F 3o REfiaR ol Tk U 5g T
WU TiaHier T SifaRad fedias citieR & 1Y ifdiad REd-g-1%9 (signal-to-noise)
3{UTd (SNR) gFAMT HA & 914), 3 UHR UTUHG TFaRU1 & GIRI 81T & SR WaeH A1
TR B & ST 81 WUAE dwiiR & fEomga w e @t o 3, ok fgdas yomelt &
UexE 1 fa=evur far Srar g1 s fewmn 1 § i urufie did iR Rat & ot =iiie ifd
3M1de 37T fgdiass Aead & o=l urd &= & forg Agwguf 31

G ANIGH B, T Uicidld URdiad fodm g S arfoiT Siafd o=a oy & I i
B B T THR DT Yge U B & e Foil Tead Rt & iy fgditae 3-8 Seads &I
& FICT 81 I 3BT 7RG U I § fob HId YRl gRT FaTrerd Rl & 1Y &1-g1a hRfbRe &,
3% UGRH & U &+ & fore fAfyd =i srafy &1 999 F_ 9gd Agaqul g1 gTaife,
RS S Aeads B 1 g1l & TSR B 93 Far ok Sl 31 Youd o aefesd
(random) Tpfa & oSt fsIar & Terd, TSR UTa /R TR Bia1 81 39 JHWN &1 U GHTH
U URGd R i T &1 IuAnT § o I9a @y R R aRar 81 39 sreara § ua tietdid
&1 UAId § ST 38 99d A1l o A9 3R 9189 & & uikd 819 &1 Saxgdhd! & fom1 giae
UM FHRT g1 TRanad Ao B R ol 9 95 819 a6 Soll &l B ke § O




ST 8 1 Soll Ul B U & A I faarsii W Semid 8, gTaifer gu g1d a°d arH &
IE & ATeaH § Yge A g1 IHhdT ¢ | T8 @ T § & ofd gER-810 9 gl § e st
B 8, Y ATIRTD MALIH Sl Ydbe DI UGB FT B HRA & oY JiRFH 3id ot
A BT IUTNT FHRAT TaY 33T &I & |

TR AT H, G- IS SExd Aead BT TA fhar S g, ok U
s & UG P AR # Ue I Bl Hed Al T 5| U8 a 161 § [ 39 aRe & Acad
T g B SHoll I B TSP TP I Q-1 g $I Aefedsd Y901 Afaadl (transmit
powers) & HRU Wi TR & e Fvedr & g1 =1fgu | g1aife, o d 9t It & o8
1 71 § o Wi SR Tiden & o e foies srifed 81 59 AR 8, 99 v o Ras Rua
TG gId § ol 98 HIH HHT S ¢ | 89 GR1d & [ Rels? dad ¢4 i # BracHa § od 398
F3 T B1d €, S IR-FHull Yo Aeds @ Ry & fAudia 81 59 sraman, gfg=ia Ragn
Teldid &1 Uex fazawor fear 8, iR gg ufkoms o fozaman § S fa & fom e Rywfem @
SER B G
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