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Abstract

Cognitive Radio (CR) has been considered as a powerful technique to increase
the spectral efficiency by enabling unlicensed users to access unused spectrum op-
portunistically. Cognitive Radio has two important paradigms to efficiently utilise
spectrum which are spectrum sensing and spectrum database. In spectrum sensing
unlicensed users sense the spectrum and to detect the availability of under-utilised
channels before transmission and access the channels when idle or tolerable in-
terference to primary user (PU) is guaranteed. For the later case i.e. database
paradigm of CR unlicensed users can acquire the availability of channels through
spectrum database before accessing the channels. In this work, spectrum sensing
part of the CR has been focused. In cognitive radio SU should yield maximum
throughput and guarantee maximum PU protection. Sensing-throughput tradeoff
has been studied for both single cognitive radio and cooperative cognitive radio
with different fusion strategies. In cooperative cognitive radio OR and Optimal
fusion strategies yielded maxim throughput than the AND strategy. Thereafter,
the problem of throughput has been compared for both half-duplex cognitive ra-
dio and full-duplex cognitive radio for a given target probability of detection. It
was found that there is an optimal sensing time at which a CR yields maximum
throughput for a given target probability of detection. Much of the initial dis-
cussion is based on half-duplex communication cognitive radio (HDC-CR) using
HDC-SS scheme. It is of special interest to derive the Pp, Prs mathematical
expressions for full-duplex communication cognitive radio (FDC-CR) which uses
full-duplex spectrum sensing scheme to do sensing and transmission at the same
time. It was found that the FDC-CR yields higher throughput for SU than the
HDC-CR since FDC-CR performs sensing and data transmission at the same time

therefore it gets increased data transmission time for secondary user.



Finally, this work resulted in conference papers and laid the foundation for
numerous other ideas pertinent to cognitive radio for use in green wireless com-

munication, small-cell dense wireless networks etc.
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Chapter 1

Introduction

1.1 Introduction

Electromagnetic spectrum is one of the scarce and costly commodity in the world
crowded by numerous wireless communication standards in various bands with dif-
ferent transmission and propagation requirements. Recently, FCC and OFCOM
have legalised the usage of spectrum in VHF /UHF part of the spectrum, because
this portion of the spectrum remains largely under-utilised which can be used for
various other communication applications by using the concept of Cognitive Ra-
dio(CR). TVWS that exists in VHF /UHF part of the TV band is defined differently
based on space and time. In US non-contiguous TVWSs are located in frequency
range of 54-698 MHz [1] and a portion of frequency ranging from 470MHz to 790
MHz exists in Europe [1]. TVWS can be exploited by unlicensed TV White Space
Devices(WSDs) on the condition that they shall respect the rights of incumbent or
licensed user and shall not introduce harmful interference. TV band is also used by
many other licensed users such as terrestrial TV broadcasting and Program Mak-
ing and Special Events (PMSE) e.g., wireless microphones which has very narrow
spectrum of 200 kHz. TVWS is attractive to many wireless communication stan-
dards because of the favourable propagation characteristics and its many inherent
advantages. TVWS are favourable for non-line-of-sight communication because of
the little attenuation penalty. Additionally, TVWS offer increased range at less
transmit power when compared to ISM band. A 20MHz channel used in ISM band

21



at 2.4 GHz gives increased capacity over short-range, but requires more infrastruc-
ture for wider coverage area. In contrast, a 6 MHz channel in VHF/UHF band
can propagate longer and can provide a reasonable capacity. However, owing to
such advantages a recent migration trend of ISM standards in TVWS has been ob-
served, for example WLAN 802.11af, WRAN 802.22, IEEE 802.15.4, LTE-A, and
M2M are such standards few of which are well-established standards and few are in
inception. In such scenario, an increased range can give rise to serious interference
to incumbents or decreased QoS for secondary user.Therefore an effective coordi-
nation, scheduling, and interference cancellation algorithms should be investigated
to fully leverage the benefits of TVWSs.

1.2 Motivation

Figure 1.1 shows spectrum utilisation in frequency bands in between 30 MHz and
3 GHz average over six different locations. Such relatively low utilisation of the
licensed spectrum reflects that the spectrum scarcity is due to inefficient static
frequency allocation. Therefore, spectrum regulating agencies permit secondary

users to opportunistically utilize unused licenced primary bands.
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Figure 1.1: Spectrum Usage Measurement over Six Locations|2]

1.3 Mitola’s and Haykin’s View of CR

The fundamental concepts of cognitive radio was given by Mitola [3][4]which was
proposed to target all environment parameters in hole PHY, MAC and application
layers as well as the information extracted from the reasoning as shown in Fig.
1.2. Hence, Mitola’s concept of CR is referred to as "Full Cognitive Radio”.

However, due to its difficult implementation FCC and Haykin[5] introduced more
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simplified definition focusing on the spectrum sensing aspect of the cognitive radio
which is known as ”spectrum sensing cognitive radio” .Mitola’s CR was proposed
to be full cognitive radio which could make node intelligent and learn from the
atmosphere thereby estimate parameters like transmit power, constellation size,
channel coding type and code rate, phase noise introduced in constellation and

other user behaviour patterns.

Orient

Establish Priority
Normal

Plan Generate Alternatives

Infer on Context Hierarchy

Evaluate Alternatives

Register to Current Time

Receive a Message
Read Buttons

Save Global Decide

States

Allocate Resources

A ct Initiate Process(es)
Send a Message
Set Display

Figure 1.2: Joseph Mitola’s view of Cognitive Radio [4]
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Interference Temp.

Quantized Channel Capacity

Transmitter Receiver

Figure 1.3: Haykin’s view of CR/[5]

Figure 1.3 shows Haykin’s view of Cognitive Radio which focuses on spectrum
sensing to find out the spectrum hole based on certain statistical parameters. The
CR under discussion in rest of the chapters is based on Haykin’s view of cognitive

radio that’s single parameter CR for spectrum harnessing.

1.4 Thesis Outline and Structure

This thesis is outlined as follows:

Chapter 1: This chapter discusses the motivation beyond the intended work
on cognitive radio in TV white space . Two prevalent views regarding the cogni-
tive radio have been discussed of which one is from Joseph Mitolla who gave the
concept of multi standard cognitive radio and second by Simon Haykin who gave

more pragmatic approach of CR.

Chapter 2: In this chapter fundamentals of wireless communication have been
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briefly explained which affect the design of any wireless communication system and
cognitive radio is not an exception. For example multipath fading and different
statical distribution which model multipath fading channels. Important terms
relating to multipaths have been presented for example max. excess delay, delay
spread, doppler spread, flat fading and frequency selective fading etc. Additionally
important terminology for cognitive radio has also been introduced. For example
the concept of spectrum whole nicely conceptualised by UC Berkley’s Anant Sa-
hai. Finally, the concept of receiver operating characteristic (ROC) curves, noise
uncertainty, sample complexity, SNR wall, noise temperature limit have been in-

troduced.

Chapter 3: This chapter is dedicated to hardware pertinent to SDR/CR
where details of different SDR/CR platforms are given along with Nutaq’s Pi-
coSDR. Platforms under discussion are Ettus USRP, Rice WARP, BWRC BEE2
and BEE3, RTL-SDR, White RHINO etc. Nutaq’s PicoSDR2x2 has been detailed
specially the implementation of the OFDM QAM-64 communication system and
transmission of video traffic in loopback fashion from host PC to PicoSDR for

processing and back to host PC for playback.

Chapter 4: This chapter sheds light on different standards that operate in TV
white spaces for example WRAN IEEE 802.22 and WLAN IEEE 802.11af. Addi-
tionally white space database implementation strategy has been discussed which
is one of the two leading paradigm of CR. Architecture of WSDB and the WSDB
accessing strategies have been given to carry out successful transmission and avoid

the interference to incumbent PU.

Chapter 5: This chapter thoroughly discusses the spectrum-sensing through-
put tradeoff after giving necessary mathematical background i.e. system model
in the light of signal only and alternative hypotheses and the factors of sample
size, noise variance and SNR which affect the performance of CR given in terms
of probability of detection, probability of false alarm and maximum throughput.
These performance indicatives terms for cooperative cognitive radio are also un-

der discussion with different raw information and decision fusion strategies at

26



fusion centre (FC). Different fusion schemes have also been extended to multislot
spectrum-sensing throughput with known and unknown channel coefficients. Fi-
nally, this chapter is concluded with interference and outage analysis of CR when

beacon transmitter is placed at the transmitter or receiver.

Chapter 6: This chapter discusses OFDM-based CR for PU as well as for
SU realising the ubiquity of OFDM based communication systems. Moreover, it
also treats the NC-OFDM in which subcarriers are nullified on which PU trans-
mission is expected. It also discusses inherent problem PAPR in OFDM-based
system.Finally, this chapter has been concluded with FDC-CR-using two anten-
nas for sensing and transmission-whose system model and performance indicative
parameters have been discussed with the help of analytical expression and simu-

lation results.

Chapter 7: This chapter contains the conclusion and future avenues of CR
in TV white space in the light of recent advances in massive MIMO and device-
to-device (D2D) communication, mmWaves, HetNets dense deployment and rising
need for energy-efficient communication techniques in which the CR can play a

decisive role.
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Chapter 2

Background and Literature

Review

2.1 Introduction

In this chapter multipath fading is discussed that affects any wireless commu-
nication system like cognitive radio. Here brief explanation of the concepts is
introduced for example multipath delay spread, mean excess delay spread, max-
imum excess delay spread and doppler spread. Fundamental receiver operating
characteristic curves are introduced which forms the basis of receiver performance
used in cognitive radio. Receiver operating characteristic curves is an plot between
probability of detection and probability of false alarm for fixed SNR values. In
chapter 5 and chapter 6 Cognitive radio performance has been assessed in terms
of receiver operating characteristic curves and the probability of detection versus
sensing time and SNR.The main aim of this chapter is to discuss the fundamentals
of multipath fading and discuss the key parameters used for the design of cognitive
radio i.e. types of uncertainties SNR wall for energy detector and matched filter,

and interference temperature limit etc.
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2.2 Multipath Fading

When a signal emanates from the transmitter it interacts with the objects that
comprises the channel. The objects present in the channel vary in their forma-
tion,size and other physical properties which play a very important role in signal
propagation. Figure 2.1 shows that multiple copies of the transmission signal are
received at the receiver with different signal strength, phase and delay. Depending
on the location of the receiver MPCs add constructively when the MPCs have
same phase and add destructively when MPCs are out of phase, thus the received
signal as a function of time constantly varies in its signal strength which is then

modelled by different statistical distribution techniques.

Figure 2.1: A Typical Multipath Fading Scenario

2.3 Impulse Response of Multipath Channels

Mobile radio channel can be modeled as linear filter whose impulse response varies
with time. The time variations are caused by receiver motion in space and filtering
effect caused by the multipaths. Hence the impulse response of the mobile radio

channel is function of space and time h(d,t). For a transmitted signal x(¢) and the
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channel impulse response h(d, t), the received signal y(d, t) can be given as follows:

y(d,t) = z(t) @ h(d,t) = / z(T)h(d,t —7) (2.1)
Since for a causal system y(d,t) = fioo z(T)h(d,t — 7)dT and position of the
receiver d = vt and a receiver moving with constant velocity v the received signal

y(vt,t) = fjoo x(7)h(vt,t — 7)dT can be expressed as follows:

y(t) = / x(T)h(vt,t — 7)dT (2.2)
Where t is time-variation due to motion of the receiver and 7 is the channel delay
for fixed value of t. Now, the complex basedband impulse response hy(t, 7) with
discretised multipath delay axis 7 see fig.2.2 into equal time-delay segments which

are known as excess delay bins is as follows:

N-1

=Y a;(t,7) exp(jweri(t) + jo(t, 7)) (T — (L)) (2.3)
=0
Where a;(t, 7) is amplitude of the ith MPC and 7;(¢) is excess delay of ith MPC. For
time-invariant case above discrete baseband equivalent channel impulse response

can be simplified as:

P

hy(T) = A a; exp(j0;)0(T — ;) (2.4)

~
Il
o
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Figure 2.2: Discrete Impulse Response of Mobile Channel

2.3.1 Mean Excess Delay

Mean excess delay can be given by:

Z aiTk Z P(714) 7k

_ k
T = = (2.5)
>_a ) Pm)
k k
Where as RMS delay spread can be given by following equation:
0, = \/72 — (72) (2.6)
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Where:

72

Y ar D P
Sy a Y P

Typically RMS delay spread is on the order of microseconds for outdoor environ-

(2.7)

ment and is on the oder of nanoseconds for indoor environment.

2.3.2 Maximum Excess Delay
Maximum excess delay is the time delay during which the multipaths falls X dB
below the maximum. Mathematically, it can be given by:

Max. Excess Delay = 7x — 79 (2.8)

Where 7y is the delay for the first arrival and 7x maximum delay for which mul-
tipath remains below X dB. This can be seen from the Fig.2.3 which shows the
example of indoor power delay profile with mean delay spread, RMS delay spread,

mean excess delay, and max. excess delay.
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Figure 2.3: Typical Indoor Power Delay Profile

[6]

2.4 Doppler Spread Effects

If receiver moves at the constant velocity v along a path with path length difference
Al = dcosh = vAtcos and the phase change A¢ = 2TAL — 2m0AL o5 a5 shown

12) )
in Fig. 2.4then the Doppler shift can be given as:
1 Ap v
- = _ - 2.
fa 5 AL X cos 6 (2.9)

2.4.1 Fast Fading

This causes the frequency dispersion because of the Doppler shift in the signal
which comes with movement of the transceiver or because of the motion of the
objects comprising physical channel. Therefore, the channel response h(t, ) fluc-
tuates within specified symbol duration 7y which means symbol duration T} is

greater than the channel coherence time T, i.e. Ty > T, or W, < Wp which further
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Figure 2.4: Doppler Shift Scenario

means signal bandwidth is less than the amount of Doppler spread.

2.4.2 Slow Fading

This is another effect caused by Doppler spread where the channel impulse re-
sponse varies much slower than the transmitted signal. It can be said that a signal
undergoes slow fading if the symbol duration T is less than the coherence time
T, of the channel i.e. T, << T.. Alternatively, amount of Doppler spread in the
channel is much less than the signal bandwidth (Ws >> Wp).

2.4.3 Frequency Flat Fading

If the transmission bandwidth Wy of the signal s(t) is less than the coherence
bandwidth W, of the channel with impulse response h(t, ) i.e. W, << W, then the
signal shall undergo frequency flat fading channel. Equivalently this translates into
all the MPCs arriving within symbol duration 7} i.e. 0, << Ts. This phenomenon

can be seen in Fig. 2.5a where the output signal doesn’t experience any magnitude
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distortion.

2.4.4 Frequency-Selective Fading

If the transmission bandwidth W of the signal s(t) is greater than the coherence
bandwidth W, of the channel with impulse response h(t,7) i.e. Wy >> W, then
the signal shall undergo frequency-selective fading as shown in Fig. 2.5b. In other
words all the MPCs do not arrive within symbol duration o, >> T,. It’s clear

that the output signal experiences magnitude distortion.

— Wt

J\ﬂj\

(a) Frequency Flat Fading

«(t) e (0

jﬂf&
fKﬂfx

(b) Frequency Selective Fading

Figure 2.5: Frequency Flat and Frequency Selective Fading
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2.5 Rayleigh and Rician Fading

Rayleigh fading models the outdoor radio propagation channel where there are
only multipath components present. The the envelope of the received signals can
be modelled with Rayleigh distribution. In contrast, there is another type of
fading known as Rician fading and unlike Rayleigh fading it appropriately models
the indoor radio propagation environment where the probability of getting line-of-
sight (LOS) is higher than the outdoor propagation environment. Rician fading
is defined by K factor which is ratio of the LOS component and all the reflected
components received at the receiver i.e NLOS components. Mathematically, power

through LOS and NLOS respectively is given by:

K
Pros = ——— Pros 2.10
L0s = 7o rotan (2.10)
Prios — ——P (2.11)
NLOS — 1+K Total .

Above equations 2.10 and 2.11 give the relationship between power available in
LOS and NLOS component of the signal with total power transmitted. For ex-
ample for K=2, there shall be 66.66% of total power in the LOS and 43.44% of
total power in NLOS signal. Similarly, for a Rician factor K=3 there shall be 75%
of the total power in LOS path and rest of the power that is 25% of the total
power shall be in NLOS signal. For the sake of comparison and developing general
intuition of two fading types Figure 2.6 shows the channel profile of Raleigh and

Rician distribution for different values of K-factor and Doppler spread.
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Figure 2.6: Rayleigh and Rician Multipath Fading: No. of Samples=103

2.5.1 Level Crossing Rate(LCR)

LCR is defined as expected rate at which the Rayleigh fading signal crosses a
specific point in a positive going direction. It’s useful to relate the rate of change
of the received signal to signal level and velocity of the mobile. The number of

level crossing per second is given by:

Ng = / (R, #)dF = N/ 2m frupe (2.12)
0

Where 7 is time variation of r(t) and p(R,7) is joint density function of R and
7 at r = R and p = R/R,.,s is value of specified level normalised to the RMS
amplitude of the fading envelope.
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2.5.2 Average Fade Duration(AFD)

AFD is defined as the average period of time which the received signal is below a

specific point R. Mathematically,

1
Where Prlr < R] = £ 3.7 and 7; is duration of the fade and T is the observation
interval. For Rayleigh distribution:

Prir < R] = /0 p(r)dr =1 — exp(—p?) (2.14)

Hence the average fade duration using above equations can be given by:

L S (2.15)
T = .
pfmV2m
The AFD fading helps determine the number of bits that may be lost during a
fade. AFD primarily depends upon the speed of the mobile and decreases as the

maximum Doppler frequency f,, becomes large.

2.5.3 Gamma Distribution

Gamma distribution is one of the very important distribution which models the
various effects in the wireless channel that takes place. PDF of gamma distribution

with scale parameter t and a shape parameter\ can be written as follows:

Aexp ()\a:)tfl

r(t)

Fx(@s A1) = (2.16)

o0

Where I'(t) = /eyytldy. Its expectation and variance are E(X) = ¢/X and

0
Var(X) =t / A. Similarly, its CDF can be given by the following equation:
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Figure 2.7: Gamma Distribution and Chi-squared Distribution with v Degrees of
Freedom (DoF)

2.5.4 Chi-squared Distribution

Chi-squared distribution can be derived from Gamma distribution PDF with scale

parameter A = 0.5 and shape parameter ¢t = v / 2 with v degrees of freedom.

e

The mean and variance of Chi-square distribution is £(X) = v and Var(X) = 2v.

fx(z;v) = (2.18)
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2.6 Concept of Spectrum Hole

The region of space-time-frequency-code in which SU can perform transmission is
called spectrum hole [7]. An underused band can accommodate the transmission of
SU without harming the incumbent or PU operation. PU transmitters that always
communicate to their users in a service area and some of the service area is around
PU transmitter can never be used (red area) as shown in Fig. 2.8, where green area
further away from PU can be used by CRs. For bands with such PUs recovering
spectrum hole in space is major challenge. Let us say system transmits intermit-
tently but serves the entire area of interest. In this case recovering spectrum hole in
time is major challenge. Spectrum hole in frequency is defined as frequency band
in which secondary can transmit without interfering with PU receivers. SU system
performance can naturally be measured using expected throughput. The need to
incorporate uncertainties can be seen in time-domain. For example time-domain
hole in context of Bluetooth is exploited. The key to exploit such opportunities in
the time-domain is SU ability to predict OFF times of PU. TV towers are usually
mounted at a height of 500m and serve large area with radius of 135 Km. Fur-
ther away from the TV tower signal is very weak and SUs at such locations can
transmit without causing interference. Fig. 2.8 shows the two types of serving
areas one with radius r4.. where the decodablity for PU signal is guaranteed and
the other with radius r, where protection to PU is guaranteed when SU with CR
capabilities comes in the green area. Green area represents sacrificial zone because
PUs between two circles may not be able to get service once the SU is in. This is

termed as acceptable loss of PU quality of service (QoS)[7].

40



Pl )

Figure 2.8: Spectrum Hole Concept

The time domain equivalent of rg.. —1, i.e the green area as shown in Fig. 2.9 is
short sacrifical-time at which beginning of PU transmission during which SUs are
permitted to cause interference. Around each protected PU a no-talk region exists
as shown in Fig. 2.9 receivers with blue circles where SU can’t safely transmit.
The over-all no-talk area is union of no-talk zones of all primary receivers and
spectrum hole is complement of this area.To recover this area SU must know the
location of all PU receivers-since PU receiver may know this information and such

complete area recovery is done with the explicit participation of PUs.
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Figure 2.9: Spectrum Hole Concept

T ~L@rgerfrea Lost,

Figure 2.10: Spectrum Hole Concept

2.6.1 Spectrum Underlay

This form of spectrum sharing is constrained on the total power transmitted. CR

has to make transmission such that its PSD remains under the noise or PU signal
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PSD. UWB transmission and DS-CDMA are the famous examples of spectrum

underlay whose PSD remains consistently below noise threshold.

2.6.2 Spectrum Overlay

In this form of spectrum sharing a CR has to be careful while making transmission
because its transmission may affect the incumbent who has exclusive rights to use
a particular spectrum. CR is constrained when to use and when not to use a

particular incumbent’s band.

2.7 Performance Metrics

2.7.1 Receiver Operating Characteristic Curves (ROC)

ROC curves of the receiver are the curves that plots the Pp as function of Pr4 for
fixed sensing-time and fixed operational SNR. These curves give us insight about
the performance of the detector at the receiver for given signal with certain statis-
tical parameters. Ideally for a CR to have maximum throughput the probability of
false alarm should be small and simultaneously the probability of detection should
be higher in order to guarantee maximum protection to the PUs. Therefore, the
ROC points on ROC curves are the points where excellent combination of the
probability of false alarm and probability of detection are acheived.The deflection
points on the ROC curves can be considered as the ideal operating points for a
given values of Pr4 and Pp as shown in Fig. 2.11. For a good receiver perfor-
mance the ROC lines should have angle greater than 45° at which represents the

best combination of Pr4 and Pp [8].
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Figure 2.11: Receiver Operating Characteristics (ROC) Curves

2.7.2 Weighted Probability of Area Recovery (WPAR)

It measures the performance of sensing strategy and give good idea of the over-all

sensing performance. Mathematically:

WPAR = /OO Py (r)w(r)rdr (2.19)

n

Where w(r) is scaling function and [ w(r)rdr = 1.

2.7.3 Sensitivity

It’s defined as the lowest value of operating SNR for which detector satisfies a

given target Pry and Pp. For example the receiver sensitivity for IEEE 802.22
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WRAN standard is —116dB,, whereas the receiver sensitivity for IEEE 802.11af
is —92dB,,.

2.7.4 Uncertainities

There are two classes of uncertainties which are as follows:
e Device-level uncertainty: This is caused due to uncertainty in noise power

o System-level uncertainty: This is caused by the uncertainties in interference,
shadowing and fading distributions. In [9], traditional performance metrics
have been suitably modified to characterise the robustness to device-level

uncertainties.

2.7.5 Sample Complexity

The performance of detector in terms of overhead is traditionally measured by
sensing-time required to achieve target Pr4 and Pp at a given SNR.. The sensitivity
and sample complexity are intertwined. Improvement in the sensitivity of the
detector shall yield large sample complexity with sensing overheads. In simple
words the two quantities are directly proportional to each other with constraint of

sensing-time overhead.

2.7.6 SNR Wall

The performance of the detectors is also often times measured in terms of fun-
damental SNR thresholds called SNR walls below which detection is impossible
even if the sensing-time is increased to infinity. Under device-level uncertainty
i.e. uncertainty in noise power, both sensitivity and the detector’s SNR wall is
considered as a measure of performance [9],[10]. There exists a threshold for a

given uncertainty of x dB below which energy detector can’t detect the signal:
SN Ryt = 1010gyo(10°/1° — 1) (2.20)

SNR wall is SNR threshold at which sample complexity approaches oo
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Figure 2.12: SNR Wall versus Noise Uncertainty

Sample complexity is function of SNR, Pra, Pyp and noise power uncertainty
p. Sample complexity of the energy detector and matched filter can be given as
follows [9]:

2|Q Y (Pra) — Q' (1 — Pyp))
N = - (2.21)
SNR—(ffi
2|Q Y (Pra) —Q (1 — Pup))
N = (2.22)

FXMJSNR—Q&—U/O]
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Figure 2.13: Performance Comparison of Energy Detector and Matched Filter

Figure 2.13 compares the performance of energy detector and matched filter
for known variance of 1dB and 0.001 dB. There also exist the performance of
both type of detectors where there is no noise variance i.e. x = 0dB. For energy
detector (ED) SNR wall occurs at SNR values of —7dB and —27dB for noise
uncertainty values of 1dB and .001 dB respectively. Similarly for matched filter,
SNR wall is observed at —7dB and —27dB for noise uncertainty of 1dB and
0.001 dB respectively, but the sample complexity of matched filter is 0.8 times
higher than the sample complexity of the energy detector for given values of noise

uncertainty.

2.7.7 Interference Temperature Limit

The concept of interference temperature (ITL) was given by FCC as a way of
measuring and managing interference for dynamic allocation of spectrum to cog-

nitive radio. As defined in [11], interference temperature measures the power and
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bandwidth occupied by interference. Interference temperature has the following
relation with power and the bandwidth:
Py (f ¢ B )
T = —— 2.23
p= e (2:23)
Where B is bandwidth in Hz, k is Boltzmann’s constant, f. is centre frequency
and Pi(f., B) is average interference power in Watts. Figure 2.14 gives typical

model of the interference temperature limit.

A

Power at Rx
PU Signal

Opportunity for Unlicensed SU

Interference Temperature Limit

Figure 2.14: Interference Temperature Model[12]

2.8 Summary

Signal transmitted from transmitter interacts objects in the channel and is received
at the receiver with constructive or destructive fashion which is known as fading.
Mobile radio channel can be modelled as linear filter dependent upon space and
time which affects the transmitted signal. There exists various terms used to model
the effect of fading for example maximum excess delay is the time delay during
which multipath falls some dBs below the minimum. There is another affect that
takes place because of the motion of the receiver which is known as Doppler effect.
As a result two terms fast fading and slow fading are studied. In fast fading
symbol duration is greater than coherence time of the channel. Similarly in slow

fading symbol duration is less than the coherence time of the channel. In contrast
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to fast fading and slow fading there are other two widely know effects which are
frequency flat fading and frequency selective fading. In frequency flat fading signal
bandwidth is less than the coherence bandwidth of the channel. Similarly, a signal
experiences a frequency selective fading if the signal bandwidth is greater than
the coherence bandwidth of the channel. Radio propagation is modelled with two
types of statistic al distributions known as Rayleigh fading and Rician fading.
In Rayleigh fading no LOS component is received at the receiver and model the
outdoor radio propagation channel, whereas in Rician fading NLOS components
are accompanied by atleast one LOS components and model the indoor radio
propagation channel where the delay is less than the delay spread of the outdoor

propagation channel.
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Chapter 3

Pertinent SDR/CR Hardware

3.1 Introduction

In this chapter explanation of different hardware platforms is given on which cog-
nitive communication system can be realised. Systematic teardown of different
hardware is taken into consideration in the light of various factors for example
ADC/DAC resolution, FPGA processing power, its interfacing flexibility, operat-
ing frequency range and the individual channel bandwidth etc. Famous SDR/CR
platforms has been discussed to name a few are Ettus research USRP, BWRC’s
BEE2 and BEE3, and Nutaq’s PicoSDR. Nutaq’s 2x2PicoSDR is used for OFDM
QAM-64 system implementation for video transmission between Nutaq’s PicoSDR
and host PC.

3.2 Hardware Challenges

Ideally an SDR platform should host an antenna very close to ADC/DAC such that
antenna should directly transmit and receive from DAC/ADC. But in practice RF
front-end can’t be ignored and can’t be made completely software programmable.
Additionally, there are other striking issues which are considered for design and
selection of SDR platform for implementation of a CR based digital communication

system. Few but important hardware challenges are as follows:

e Large bandwidth and sampling rates
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e ADC dynamic range

e Linearity of RF front-end components

3.3 NUTAQ’s PicoSDR

Nutaq’s 2x2PicoSDR is one of the powerful SDR equipment for multi-mode, multi-
standard and cognitive type of radios. Nutaq defines Pico SDR as follows:

"The Nutaq’s Pico SDR is a table top SDR solution and incorporates two
powerful multimode SDR dual-channel RF transceiver modules, FPGA logic and
memory that can be stacked together to form a 2x2 or 4x4 MIMO. The PicoSDR
is capable of uplink and downlinking data streams to a remote computer running
on Linux or Windows through high-speed GigE interface. Combined with Nutaq’s
software framework , the PicoSDR can greatly reduce time to market and bring the
performance to wide range of applications such as Cognitive Radios in TV White
Space and Advanced Telecommunications (LTE and WiFi)”. Moreover, PicoSDR

from Nutaq can be mainly divided into the following sections:

3.3.1 FPGA Section

Nutaq’s PicoSDR host powerful FPGA built around Virtex-6 which offers flexibil-
ity and intensive signal processing of wideband waveforms of different standards.

It includes:

e 4GB SODIMM DDRS3

QDR2 SRAM

NOR Flash

128 MB DDR3 SRAM

BSDK’s CCE and Microblaze Linux OS

complete framework for a Virtex-6 interfaces (Nutaq BSDK)

GigE interface etc.
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3.3.2 OFDM PHY Transceiver Reference Design

A model-based OFDM QAM-64 PHY layer is available for simulink users. Through
this a real-time HD wireless video transmission can be made between transceivers

through 2x2 RF interface.

3.3.3 Nutaq’s PicoSDR Teardown

An inside view of the Nutaq’s PicoSDR is shown in the following Fig. 3.1.

Figure 3.1: Nutaq’s PicoSDR Teardown

The back plane board (1) handles the power supply for the whole enclosure as

well as the control and data streaming connections with the external world. The
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following interfaces are available:

The reset button (2)
The power connector (3) (12V DC)
The FPGA JTAG. (4) connector which allows access to the Perseus FPGA

A mini-USB connector which is connected to the Perseus serial port (5). The

user can access the Perseus emdedded Linux serial console.

Two RJ-45 Ethernet connectors (6) connected to a Gigabit Ethernet switch

for control and data streaming
A PCle 4x connector (7) (optional) for control and data streaming,.

A SATA connector (8) (optional) to interface an external Hard Disk Drive
to the embedded CPU in the PicoSDR2x2-E. The HDD allows prolonged

recording and playback.

2 AMC connectors (9). In the PicoSDR2x2 case, only the right connector
is used to power and control a Perseus601x. The connector also routes the
Gigabit Ethernet and PCle links between the backplane and the Perseus601x.

In the PicoSDR2x2, the Perseus601x carrier (1) is equipped with Virtex6 FPGA
(LX240, LX550, SX315 and SX475 models are available), a 4 GB DDR3 SODIMM
and a Radio420M FMC stack (2) consisting of two Radio420 daughter cards. The
Radio420M is powered and controlled through the Perseus High Pin Count FMC

connector (3).
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Figure 3.2: PicoSDR Side View

The PicoSDR2x2 front panel gives access to the following connectors for each
Radio420:

e 1 TX connector (MMCX antenna connector)
e 1 RX connector (MMCX antenna connector)

1 Reference clock in connector. (MMCX).

1 Reference clock out connector (MMCX). With the reference clock in con-

nector, allows frequency synchronisation between two Radio420 boards.

e 1 PPS in connector (MMCX). Allows the Radio420 to synchronize its clock
to a GPS Pulse-per-second signal.

1 custom IO connector (microHDMI). Allows MIMO synchronisation be-
tween Radio420m stacks for 4x4 or 8x8 MIMO.

Figure 3.3 shows the BER performance of M-QAM and M-PSK with diversity
order of two. It is shown the 64-QAM in terms of BER outperforms other constel-
lation sizes i..128-QAM and 256-QAM etc. This is because the large constellation
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size becomes prone to phase noise error and small noise vector magnitude might
result in decision boundary of the adjacent vector on vector space. Similarly 4-PSK
is better than 8-PSK and 16-PSK in terms of BER performance.
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Figure 3.3: BER performance of M-QAM and M-PSK in Rician fading with di-
versity order of L = 2

Figure 3.4 shows the PSD of OSTBC-QPSK modulated signal over 4x4 MIMO
channel with 2H z maximum Doppler shift. MATLAB object function known as
comm.MIMOChannel has been used to generate OSTBC-QPSK modulated signal
for transmission over 3-tap and 2-tap fading channel with channel path gains

[0, =5, —7],[0, —3]and path delays of [0,2e73,e73], [0, 2¢~3] respectively.
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Figure 3.4: PSD of OSTBC-QPSK Signal over 4x4 MIMO Channel 2-tap and
3-tap fading channel Respectively

3.4 Ettus USRP

There are various RF front ends and USRP devices by ettus research which are

given as follows:

B200 and B210

e frequency range: 70MHz to 6GHz
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e resolution: 12 bit ADC/DAC
e dynamic range: 78 dBc (Spurious Free Dynamic Range)
e Tx/RX Duplexing: full duplex

e USB 3.0, where B200 is bus powered and B210 requires external power for
both channels

e it costs around $675 to $1100

N200 and N210

e frequency range: 0 MHz to 46GHz
e dynamic range: daughter card dependent

instantaneous bandwidth: 25MHz

external power required
e TX/RX duplexing: full duplex

e Gigabit ethernet and cost around $1515-$1717

X300 and X310

e frequency range: 0 to 6GHz

e resolution: depends on daughterboard

e instantaneous bandwidth: 120M H z

e TX/RX duplexing: full duplex

e PCle x4, ExpressCard or 10 GigE with external power supply

e it costs around $3900 to $4800
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E100 and E110

e frequency range: 0 to 6GHz
e resolution: 12-bit ADC, 14-bit DAC

instantaneous bandwidth: SMHz

TX/RX dupling: full duplexing

external power is required and costs around $1313 to$1515

E300

e frequency range: 70MHz to 6GHz
e resolution: 12-bit ADC/DAC

e dynamic range: 78 dBc

TX/RX duplexing: full duplex

Embedded Xilin Zyng-700

battery powered and has form factor of bulky cell phone

3.5 BWRC’s BEE2 and BEE3

Berkeley Emulation Engine 2 (BEE2) is an scalable FPGA based computing plat-
form that targets many applications for high performance signal processing such as
cognitive radio, real-time telescope signal processing, bioinformatics and sequence
matching etc. BEE2 is general purpose module and have five Xilinx FPGAs, 20GB
high-speed DDR2 DRAM memory, and high-speed serial and parallel links to con-
nect FPGAs. BEE3 is extended version of BEE2 with high amount of memory
and its PCB can host variants of Xilinx FPGA Virtex 5. Figure 3.5 shows actual
BEE2 board and Fig. 3.6 shows the schematic layout of BEE2 board.
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Figure 3.5: BWRC’s Berkeley Emulation Engine
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Figure 3.6: BEE2 Board Layout
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3.6 WARP SDR

WARP SDR is developed by Rice University and is an open source platform and
can be bought from third party vendor. It allows users to incorporate their own
daughter cards to extend the functionalities for example RF computing. Rice
WARP board has a Xilinx Virtex-II pro FPGA as shown in Fig. 3.7 and contains
the following:

e PowerPC core

e three Gigabit ethernet to support fast 1/O

e four additional daughtercard interfaces
the interface include

e analog interface card: it further contains 14-bit 65 MSPS ADC and a dual
16-bit 125 MSPS DAC

e RF interface: it allows transmit and receive at 2400-2500MHz and 4900-
5875MHz

A more recent Rice WARP board uses Virtex-4 FPGA offering more slices, support
for upto 2GB of memory and a higher clock rate. Finally, Rice WARP allows free
implementation of OFDM on FPGA for Virtex-1I pro FPGA in addition to CSMA
MAC protocol.
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Figure 3.7: Rice University’s WARP Prototype

3.7 WhiteRhino

Whitespace Reconfiurable Hardware Interface for ComputatioN and RadiO (Whites-
pace RHINO)[13] is an SDR platform for Radar. It contains Xilinx Zynq7000 and
Lim Micro LMS6002D primary system on chip (SoCs) and has the processing
architecture similar to Digilent Zed-board. The board hosts two 1000 base-T Eth-
ernet connections, 12v battery and Power over Ethernet (PoE). White Rhino is

able to perform:
e Detect surface based or airborne targets
e implement WRAN IEEE 802.22 standard

Figure 3.8 shows the White RHINO board on which various hardware ports

and communications networking ports are visible.
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Table 3.1: Computational requirements of White RHINO[13]

‘ S.No. ‘ Requirements ‘ Description ‘

1 Programmable Logic | FPGA Zynq7000
Dual-Core ~ ARM

2 Processing Cortex A-9 proces-
sors

5 Memory 512 MB DDR3
SDRAM

4 TX Power 30dBm or 1W

5 Operational BW 512MHz-698MHz

6 Ports 2X 1000 Ethernet

7 Power Consumption | less than 25W

Figure 3.8: White RHINO board|[13]

3.8 RTL-SDR

Specifications of RTL-SDR varies, but the typical specifications are:
e frequency range: 25MHz to 2100MHz

e resolution: & bits
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e dynamic range: not great

instantaneous BW: 2.4MHz

TX/RX duplexing: receiver only
e USB 2.0 and is bus powered
e costs between $15-$30

Figure 3.9 shows internal circuitry of DVT-T, DAB+FM USB dongle.

DVB-T+DAB+FM BE

usB2.0

Figure 3.9: RTL-SDR DVB-T, DAB+FM teardown

Figure 3.10 shows the time variation of the received signal and the correspond-
ing waterfall graph of the received signal. There received signal is colour coded
where dark red shows the signal activity on a yellow and light blue background

which means noise only.
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Figure 3.10: BBC Leicester FM 104.9 signal, waterfall graph,IF spectrum, MPx
spectrum, and audio spectrum as received on DAB-T USB dongle at High Fre-
quency Measurement and Characterization Lab,GGIEMR, The University of Not-
tingham, UK

3.9 Summary

Different hardware platforms are used to realise a software defined radio or cogni-

tive radio communication system, hardware platforms targeted for SDR/CR are
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often designed to meet the specification of SDR/CR systems. Therefore, almost all
of the SDR platforms are reconfigurable and multi-standard with high-performance
FPGA on it. There are different hardware challenges in order to realise a fast and
efficient cognitive radio. Few to mention are ADC/DAC resolution, programmabil-
ity and linearity of RF front-ends, large bandwidths and sampling rates. Famous
SDR platforms include USRP from Ettus research, picoSDR from Nutaq, WARP
SDR from Rice University, BEE2 and BEE3 from Berkeley wireless research cen-
tre, and other cheap receive only platforms like RTL-SDR USB dongle. picoSDR
from Nutaq’s is multi-mode and multi-standard table top SDR solution that in-
corporates two powerful multimode SDR dual-channel RF transceiver modules.
PicoSDR can uplink and downlink data stream to remote computer with linux or
windows. PicoSDR can be configured in 2x2 or 4x4 MIMO fashion. PicoSDR2x2
is equipped with Virtex6 FPGA, Radio420M FMC stack, two radio420 daughter
cards. Similarly, Ettus research supplies URRP and different RF front ends few are
B200, N200, X300 and E300 with different frequency ranges, ADC/DAC resolu-
tion, dynamic range and FPGA types. Other notable SDR platforms are BWRC
BEE2/BEE3, Rice’s WARP and White Rhino. Cheap and handy RTL-SDR is
used to decode FM and DAB-T signals which can be visualised using SDR# on
windows-based PC.
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Chapter 4

TVWS Network Architecture and
WSDB Implementation

4.1 Introduction

In chapter focuses on another widely known paradigm of CR which is obtaining
under-utilised channels through white space database (WSDB). Different methods
of accessing WSDB and channel assignment strategies are discussed for example
how AP in IEEE 802.11af standard assigns available channels to its Mode I de-
vices. Briefly explanation of the standards is given and compared the architecture
of two famous TVWS standards WRAN IEEE 802.22 and WLAN IEEE 802.11af.
Parameters like bandwidth, type of modulation, code rate, TX power and Rx sen-
sitivity have been shown in tabular form for comparison. Considering the effect of
interference with the help of comprehensive coexisting TVWS standards diagram.
Special interference possibilities are the interference from SU to PU or interference
between existing and co-locating CRNs. Finally, this chapter has been concluded

with accessing strategies of WSDB by white space devices (WSD).

4.2 Cognitive Radio Standards in TVWS

This section briefly defines various standards which are designed truly on cogni-

tive principles in addition to foreseeable wireless standards that shall migrate to
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TVWS. Therefore it’s essential to know about their network architecture, spec-
trum requirements and interference limitations. Because of this wireless standards
that operate in TVWS are focused.

4.2.1 IEEE 802.11af

IEEE 802.11af is OFDM based WLAN standard which is specially targeted for
TVWS. It’s also known as super WiFi or White WiFi and uses CSMA like MAC
protocol. Its network architecture according to FCC specifications consists of a
fixed device Mode IT known as Access Point(AP) and portable or Mode I mobile
device, OFCOM stipulates it as master and slave architecture. It uses a fix band-
width of 5 MHZ or 10 MHz, 20 MHz using bonding of multiple non-contiguous sub-
bands. IEEE 802.11af is characterised with lower transmission power of 100mW
and sensing threshold of -64 dBm.

e GDB enabling Station This entity in IEEE 802.11af is directly connected
with GDB and get access to White Space Map(WSM) which contains the
permissible frequencies in particular area within Basic Service Set (BSS).
This device has the capability to update and enable the Mode I or slave
devices based on the geolocation information sent by them. It also maintains
the WSM through intermittent signal sent.

e GDB dependent Station: GDD dependent station is Mode I device always
connected and operates under the instructions of the GDD enabling station
which get the WSM from GDB based on the coordinates transmitted by it.
WSM which contains the empty frequency bands suitable for GDD depen-
dent station transmission. GDD sends contact verification signal (CVS) to
verify the validity of WSM.

4.2.2 IEEE 802.22

IEEE 802.22 is an point-to-multipoint architecture for internet access at remote lo-
cations and rural areas. It consists of fixed device known as Base Station (BS) and
a portable device known as customer premises equipment(CPE). It uses TDMA

like MAC protocol and serves a cell range of 10 km—100 km. Transmission power
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of 802.22 is 4 W(36 dBm), reception sensitivity of -97 dBm and transmission band-
width of 6 MHz. Fixed devices are not permitted in VHF band, they are allowed to
transmit in UHF channels except 14-20 channels and channel 37 which is reserved
for radio astronomy related measurements. There is additional requirement for
fixed devices that is its antenna should be mounted outdoors at least 10m above
ground.

It can be seen that the sensing threshold of IEEE 802.11af is much greater than
sensing threshold of IEEE 802.22 i.e. -64dBm>>-97dBm. In contrast, transmis-
sion power of IEEE 802.22 is 80% greater than the transmission power of IEEE
802.11af AP ie. 4W(36dBm)>>100mW (20dBm). These transmission power
caps are valid when CR is transmitting in TVWS non-adjacent to incumbent-
occupied or primary user band. Transmission power for adjacent TVWS drops
to 1W(30dBm) for IEEE 802.22 and 40 mW (16 dBm) for IEEE 802.11af. This
is because of the low cost digital filters can spill over in the adjacent bands and
interfere—aptly known as out-of-band(OOB) interference. It can be seen from Tab.
1 that IEEE 802.22 uses Low Density Parity Check (LDPC) codes as a Forward
Error Correction (FEC) techniques which guarantees near-Shannon limit perfor-
mance for larger block lengths and ensure decodability at lower SNRs. LDPC
when combined with diversity techniques like Space-Time Block Code (STBC)
can deliver higher data rates. IEEE 802.11af delivers high throughput compara-
tively at shorter distances that depends on the choice of modulation schemes and

hence the gradient data rates.
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Table 4.1: OFDM based cognitive wireless standards in TVWS

| Parameter | IEEE 802.22 IEEE 802.11af |
Bandwidth 6,7,8 [MHz] 5,10,20 [MHz|
FET size 2048 64,128,256,512,1024
Modulation ?le\l/\l/[/ QAPSIK’ 8?8)}12/{/135238(511\/[,
6QAM, 64Q 64QAM
Data Subcarrier 1440 48
Symbol Duration 317.39us 4 us
Maximum Data Rate | 22.69Mbps 12 Mbps
FEC CC, STBC, LDPC | CC
Coding Rate 5/6 3/4
CSMA/CA,
MA Scheme OFDMA TDMA/
Tx Power [dBm] 20dBm 20 and 16dBm
Rx Sen. [dBm] -97dBm -64dBm
Frame Length[Octets| | 4096 2048

4.2.3 Vehicle-to-Vehicle (V2V) Communication

Apart from earlier discussed standards cognitive radio can be used for vehicle-to-
vehicle communication. In[14], it has been experimentally shown the communica-
tion between three vehicles or nodes in TVWS using Zone Aware Control Channel
(ZACC) and Swarm Aware Control Channel(SACC) for real-time image or break
information transmission. Additionally, Ettus Research USRP equipment has been
used for reconfigurability, the dual polarization antenna for interference avoidance
and wideband energy detection for sensing with the concept of Quite Period (QP)
and Data Period (DP). It has been experimentally shown that the probability of

missed detection is less than 107> for 10° sensing samples.
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4.3 Interference Mitigation in Heterogenous CRNs

The issue of interference is of high importance that is likely when many of the
wireless networks may migrate to operate in TVWS. There will be interference
between low-power devices in [EEE 802.11af, ECMA 392 and IEEE 802.22 high-
powered BS. Interference may also increase because of the favourable propagation
in VHF/UHF which tends to increased distance in contrast to WLAN standards
where spatial reuse is used for capacity enhancement. Interference in TVWS can

be divided into the following three categories:

4.3.1 Interference to PU and Interference from PU

TV stations transmitting as high as 1000 KW may contribute to interference to
secondary cognitive networks and prevent secondary user to detect the incumbent
or PU. Such interferences are usually subject to locations, frequency, time and
transmission powers. Interference minimisation techniques can be categorised into

three groups which are as follows:

e Interference Avoidance: Both primary and secondary networks use TDMA or
FDMA to assess the their respective spectrum in order to avoid interference
to primary users. The main idea is detection and sharing of the gaps in
TVWS.

e Interference Control: In this technique PU and SU can coexist on the same
spectrum provided they don’t introduce harmful interference to each other
and can be judged by QoS parameters. Concept of MIMO-smart antenna
is proposed in which cognitive user direct their signals at the null of PU. In
[15], throughput of cognitive radios under various interference limits is well

investigated.

e [nterference Mitigation: It has similar mechanism as interference control,
but here additional information is needed about the primary users messages
or codebooks. It is also known as Opportunistic Interference Cancellation
(OIC) where secondary users have information about the primary users code-

book with partial or full transmission messages.
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4.3.2 Interference among CRNs

Multiple CRNs may select the same channel because of the limited channel avail-
ability or additional constraints which force them to operate co-channel. Co-
channel operation or less information about each other’s transmission may result
in packet drop and can degrade the performance of entire CRN cluster. Interfer-

ence contribution to TVWS can be assessed by the following factors:

e Channel Bandwidth: WRAN IEEE 802.22 operate over channel bandwidth
of 6 MHz and TEEE 802.11af operate on channel bandwidth of 5MHz or
10 MHz and 20 MHz by bonding two or more available TV channels etc.

e Insufficient Signal-to-Interference plus Noise Ratio: SINR is generally con-
sidered as direct replacement of Frame Error Rate (FER), but this may
differ for heterogenous networks case where the interference is treated as
non-Gaussian noise. In [16], FER and BER in Gaussian noise are mathe-

matically related as follows:
FER=1— (1 — BER)"/rame (4.1)

Where L fpqme is the length of the frame.

o Variation in Power levels: CRNs consist of mix of devices with variable
power levels and classified as Master and Slave by OFCOM and Mode I and
Mode II devices as mentioned earlier in architecture of IEEE 802..22 and
IEEE 802.11af. For example fixed device in IEEE 802.22 may transmit a
power of 4 W EIRP and Mode II or portable may transmit to a maximum
of 100 mW. Any device with very small power levels can easily be masked

out by the louder users i.e. user closer to the BS or with high SNRs.
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Figure 4.1: Coexistence and Interference scenario of CRNs in TVWS

4.4 'TVWS Database Implementation

Geolocation database can receive inputs from multiple entities for example from
public users, white space devices, licensed PUs, other WSDs, and regulators etc.
It may held bidirectional session with data sources, WSDs, and other GDBs as

shown in 4.2.
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4.5 Summary

There are two types of CR paradigms which are obtaining the information about
under-utilised bands using WSDB or through performing sensing at each inde-
pendent CR. These techniques are central to broadband standards targeted for
WRAN, WLAN and WPAN type of networks for example IEEE 802.22, IEEE
802.11af and IEEE 802.15.4m etc. There can be host of other standards migrating
to TV band which results in interference and state-of-the-art self-location tech-
niques. TEEE 802.11af uses OFDM in its PHY layer and uses fixed bandwidth
of 5MHz or 10MHz or 20 MHZ. Its architecture consists of Mode I devices and
Mode II devices. IEEE 802.11af is characterised with lower transmission power of
100 mW and sensing threshold of -64 dBm. Additionally, it has GDB enabling
station and GDB dependent station in its architecture. Similarly, IEEE 802.22
is used for point-to-multipoint architecture for broadband internet access in ru-
ral areas and covers the range of 10 km to 100 km. Similar to IEEE 802.11af
it also uses transmission power cap which is 4 W or 36 dBm and uses frequency
bandwidth of 6 MHz and reception sensitivity of -97 dBm. Both of the TV white
space standards use OFDM in PHY layer with BPSK, QPSK and M-QAM mod-
ulation schemes with some form of coding for example convolutional codes and
LDPC codes. Therefore, BER and FER performance of different modulation as
standardised in IEEE 802.22 and IEEE 802.11af is essential. In order to meet the
same BER and FER performance certain power penalty is experienced in fading

than AWGN channel for all type of modulation techniques.
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Chapter 5

Spectrum Sensing and

Sensing-Throughput Tradeoft

5.1 Introduction

In this chapter heart of pragmatic Cognitive Radio i.e. spectrum sensing and deci-
sion making for single CR and the cooperative CR is discussed. In the very begin-
ning single-sample measurement and multiple sample measurement are taken into
consideration which form the basis for further discussion. The aim of this chapter
is to derive the analytical expressions for probability of detection and probability
of false alarm for single CR and multiple CR which operate in cooperative fashion
using different information and decision fusion strategies, for example AND, OR
and ML rule. In cooperative cognitive radio the maximisation of throughput of the
SU for a given target probability of detection and target probability of false alarm
is stressed. The concept of single slot sensing to multislot sensing is extended
under the condition that the fading coefficients are known and unknown with dif-
ferent decision fusion strategies. Thereafter, unique solution of beacon placement
at the PU receiver to avoid interference is discussed and probability of beacon
missed detection and probability of outage for such setup has been emphasised in

Rayleigh and Rician fading channel.
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5.2 Binary Hypotheses

Binary hypothesis decision theory for single sample measurements and multiple
sample measurements for noise only or null-hypothesis and signal plus noise or

alternative hypothesis is used to detect the presence or absence of PU.

5.2.1 Single Measurement

Let us say Hj is null hypothesis means when no signal is present. Similarly, H; is
defined as the alternative hypothesis means signal is present along with noise. For

a single sample measurement two types of hypothesis are:

X = (5.1)
A +w 7‘[1

Where w is AWGN with zero mean and variance o2 i.e. w ~ N (0,0?) and has the
PDEF"

and

Under Ho : p(z|Ho) ~ N(O,az)
Under H; :p(z|Hy) ~ N(A, 02)

Where p(z|Ho) and p(x|H,) are the conditional PDFs for null-hypothesis and

alternative hypothesis.
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5.2.2 Multiple Measurements

Single measurement analytical expressions can be extended for multiple measure-

ment case for N samples or readings at the output of the energy detector.

Ho n=1,2,3 .. N—1
z(n) = win) Ho n (5.4)
A+w(n) H,

Now the average of data points also known as test statistics can be written as:

1
N x(n) (5.5)
and the test statistics 7' can be compared with threshold v to select noise only

case or signal plus noise as follows:

N-1

z(n (5.6)

1
_N

=0

3

Test statistics T is sum of Gaussians and has the mean for null-hypothesis and

alternative hypothesis as follows:

E(T|Ho) = E(5pu(n)) =0

1 NA (5.7)
and its variance for the two hypotheses as:
1 1
Var(T|Ho) = Var(— Z w(n)) = Z Var(w(n))
N N (5.8)
“eNr =y
2

Var(T|H,) = UF (5.9)

In nutshell the test statistics under two hypotheses is as under:
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Ho : TN./\/(O,(;)

(5.10)
Hy: T~ (A, %2)

. . . . . 2 .
Now performance metric SNR as ratio of powerA? in signal to noise power % which
is given as:

A? A?

From above expression it can be seen that detection performance of the system
improves if:

SNR =

SNR" = A" NT 0%, (5.12)

Figure 5.1 shows the histogram of null-hypothesis and alternative hypothesis

and show how these performance parameters may affect the detection performance
of the receiver.
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Figure 5.1: Null hypothesis and alternative hypothesis with increase in signal mean

A, increase in sample size N and decrease in variance o

2

Figure 5.2 shows the sinusoid and noise signal on time-frequency graphs and

their corresponding PSD estimates in dB/H z using Welch method are also shown.
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Figure 5.2: Spectrogram and PSD of a sinusoid and AWGN noise with ;1 = 0 and
o=1

5.3 Likelihood Ratio Test (LRT)

Here detailed investigation of the performance analysis of likelihood ratio test is
done and analytical expression are developed for probability of detection Pp in
terms of probability of false alarm Pr4, sample size N and noise variance o?

Therefore, system model for binary hypotheses can be written as:

Hy n=1,23 .. N—1
oy =V Hoom (5.13)
A+w(n) Hy

Above expressions for system model can be rewritten as:

Ho: xX=WwW

(5.14)
Hi: x=Al+w
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Where x = [z, 79, ...,an]T, W = [wy,wy, ..., wy]T and T = [1,1,...,1]T are the
signal vector, noise vector and vector of ones. Now ratio of the two likelihoods
which is also known as likelihood ratio test (LRT):

i) 26 619
p(x|H1) : ng )N/2 exp (%1 (X - AI) c <x - AI)>
1 L (5.16)
p(x[Ho) = (o )N/2 oxp | X €x

Lix) = Ze (5.17)

Taking log on bothside

-1 Hi
552 (z(n) — 202 Zx n 5 In¢ (5.18)
—1 o\ M
27‘2(—2Azx(n)+NA )ilnﬁ (5.19)
| N 2
=y 2wl 2 gylng+ A2 (5.20)
TV 5/

Sufficient statistic

Where noise variance o2 and signal amplitude A are unknown.

5.3.1 Performance Analysis

Considering test statistics T'(x) = 1/N Zn o ©(n) as random variable such that
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(5.21)
E(T(x)ml) —A
Var (T(x)|?-[o> = Var (% Z w(n))
, 02 (5.22)
= %NJ =N
= Var (T(x)|7-[1)
Ho: T(x)~N (o, o? /N) )
Hi: T(x)~ N(A, o /N) '

Now the probability of false alarm Ppy = Pr. (T(x) > 7|7—[0> can be given as

follows:
Pp = Pr (T(:U)>§|H)— N ! ex ( z >dt
e )7 o omorn - P\202/N

(5.24)

Similarly, the probability of detection Pp = Pr. (T(m) > €H1> can be given as
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follows:

Py = ; \/ﬁexp<_§;2_/;3)2)dt
=9 w)
oY ) ) o
\/%
N A?
)

SCICRUSRE

and the probability of missed detection P,,q = Pr. (ZE <& |7-[1)

Pyp=1-PFp

—1-o(@m) -2 (520

-&- P, =10"
0.9t ’ @ i
@O §>/ /l> / —O-- Py =107
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Figure 5.3: Probability of detection for various values of probability of false alarm
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Figure 5.6 shows the probability of detection versus Ej,/Nyfor various values of
probability of false alarms. It can see that the Pp increases with the increase in
Pp,.

5.4 Spectrum Sensing

Cognitive Radio performs spectrum sensing in order to harness the spectrum op-
portunity without introducing the harmful interference to incumbent. CR frame
structure is shown in the following Fig. 5.4 where it can be seen that the total
frame time is divided into sensing time, sensing decision reporting time and data
transmission time. Increase in sensing time may yield increased probability of de-
tection hence better protection for PU, but at the cost of low data transmission

period which means less throughput for SU.

Figure 5.4: Frame Structure used in Cognitive Radio

Reportin
Sensing Time ® s
Time

5.5 System Model

Spectrum sensing involves the decision regarding presence of PU from the obser-
vations of a signal received at the receiver. Therefore, sampled received signal at
¢th CR node:

ye(n) = sg(n) + we(n)
n=0,1,2,...,N —1 (5.27)
(=1,2,....M
Where sy(n) is the signal from primary user received at ¢th CR and is modelled

as iid Gaussian process with mean zero and variance E[|s;(n)[*] = o2 i.e. s¢(n) ~

N(0,02)and wy(n) is the sampled signal at £th CR and is also iid Gaussian process
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with zero mean and variance of E[|wy(n)|?] = o2 i.e. wy(n) ~ N(0,c2).Moreover,

the two processes are independent such that E[s,(n)we(n)] = 0 Now, under the

hypotheses Hg and H; respectively it can be written:

Ho = ye(n) = we(n) (5.28)
Hi:ye(n) = he(n)s(n) + we(n) (5.29)

where hy(n) is a flat-fading channel gain between PUs and the SUs such that one-
tap equalizer shall be required at the CR. Now, average PU SNR at each CR can

be given as follows:

v = E[W(ﬂ)\2]E[!Se(n)\2]/E[\wz(n)l2]

22 2
- Uhas/aw

(5.30)

5.5.1 Cognitive Radio Throughput

Let Cy and C); represents the throughout for CR when PUs are absent and present

respectively which can be mathematically defined as follows:
P
Co = log, <1 + F) = log, (1 + SNRy) (5.31)
0

and

P
Cy=log, [14H —"2
2( Zi]ilpi+N0>

PS/NO
1+3,, Pi/No

Our interest lies in underutilised frequency band where probability of absence
of PU is P(Hy) > 0.5. Obviously, Cy > C)s because CR experiences interference

(5.32)

from PUs in second scenario. When PUs are absent the achievable throughput of
the SU link is:

(1 . %) C (5.33)
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and in presence of PUs the achievable throughput of CR is

(1 . %) oy (5.34)

The probabilities with which two equations are guaranteed are (1— Ppa (T, &) P(Ho)
and (1—Pp(1,&))P(H,) where P(H;) is probability of presence of PUs. Therefore,
the throughput at CR in absence of PU is

Fo(r.€) = (1= ) Co(L = Pra(r, ) P(Ho) (5.:35)

and the throughput at CR in presence of PUs is

Ror(7,€) = (1 — %) Cai(1 = Po(r,€))P(Hy) (5.36)

Hence the total throughput is summation of the throughput of the CR in absence

and presence of PUs.

R(Tv 5) - RO(Tv 5) + RM(T7 §> (537)

This is an optimisation problem where for a fixed threshold ¢ and the sensing time

T, can be maximised such that:

max R(7) = Ro(7,§) + Ry (7,€)
. ! (5.38)
s.t: Pp(1,€) > Pp

Where Pp, is target probability of detection. It’s clear that the first term in previous
equation dominates the second term, therefore the total achievable throughput can

be given as follows:

max R(7) = Ro(1,§)
v i (5.39)
s.t.: PD(T,g) Z PD

For a given sensing time 7, let us choose a flexible detection threshold & s.t.

Pp(r,&) = Pp (5.40)
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Let us choose another threshold &; and call it conservative threshold s.t. & < &
and
Pp(t,&) > Pp (5.41)

Obviously, Pra(T,&1) > Pra(T, &) which leads to Ry(7,&1) < Ro(7,&) and Ry (7,&1) <
Ry (1,&). Hence the total throughput can be given as:

Ro(7,&) + Ba(7,61) < Ro(7, &) + Bu(7,61) (5.42)

5.5.2 Probabilities of Detection and False Alarm

Considering each CR uses energy detection as spectrum sensing scheme and collects

N sample values. The test statistics Ty(n) for energy detection scheme can be given

as:
N
Ty = (1/N)Y_ lye(n)? (5.43)
n=1
Now the probability of false alarm for a threshold & as derived in [17] can be
given by:

Prar.€) = Pr(Ty > €to) = [ ma)do (5.40)
3
and similarly the probability of detection
Pp(7,8) = Pr(T, > £|H,) = / p(z)dz (5.45)
3

Where po(x) and pi(x) are the PDFs of signals forming null hypothesis and
alternative hypothesis or noise only and signal plus noise only hypothesis respec-
tively. The two PDF's follow Chi-squared distribution with 2N degrees of freedom
for complex values and N degrees of freedom for real values.

When PU signal is complex-valued PSK modulated, then the probability of
detection and false alarm respectively at ¢th CR with the assumption that each

CR uses the same threshold ¢ as given in [17] can be rewritten as follows:
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Pp(r,€) = Q ((% - 1) \/7) (5.46)

Wy +1
Pra(1,6) = Q ((5—2 - 1> W) (5.47)

Where Q(t) = o [ e "dt is known as Q-function and measures the right-tail
probability of Gaussian distribution. Minimum number of samples required can

be given by following expression:

Npin = [Q‘l (Pra) — Q7' (Pp) + /27 + 1} : / 72 (5.48)

It can be seen from Fig. 5.5 that probability of false alarm decreases with
the increase in sensing time for a fixed sample size. It is also shown that the it
decreases with the increase in SNR from 2dB to 8dB. Similarly, Fig. 5.6 says
the probability of detection increases with the increase in sensing time and it also
increases with the increase in SNR from 2dB to 8dB.
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Figure 5.5: Probability of false alarm versus sensing time
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Figure 5.6: Probability of detection versus sensing time

In Fig.5.7 it is shown that probability of detection increases with the increase
in probability of false alarm. It also increases with the increase in SNR values. It
can also be seen from Fig. 5.8 that minimum number of samples required decreases
as the probability of false alarm increases. Additionally, for a fixed probability of
false alarm minimum number of samples required also decreases with the increase
in SNR.
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5.6 Cooperative Spectrum Sensing

Let us consider that the M CRs are performing independent sensing of particular
band and cooperatively transmit their decision to base station (BS) or fusion
centre (FC) which combines the decision information with its own decision about
particular band. After receiving spectrum decision from all the CRs it declares
the global decision whether a particular band is empty or not. This information is
included in white space map (WSM) and considering IEEE 802.11af this is then
transmitted to all the Mode II or portable devices through contact verification
signal (CVS). Hence the global probability of detection and false alarm respectively

for a sensing threshold = at FC can mathematically be represented as:

Polr 62 = Y (1) ) Polrn €1 - Por, ) (5.49
{=k

IPFA(TJ k? E) = Z <]€w> PFA(TJ 5)6(1 - PFA(Tv 5))M_Z (550)
l=k

The decision Dy, = 1 represents that PU is detected and the decision Dy = 0 rep-
resents PU is not detected. Every CR performs its decision and later sends it to

the FC. It’s assumed that signal experiences flat-fading between PU and the ¢th
CR and between /th CR and FC
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Figure 5.9: Cooperative Cognitive Radio network coexisting with PU TV network

> Ti=(/N) ] lye(n)|2%1§e (5.51)

Let us say Cy and C); are the throughputs of SU if it’s allowed to continuously
operate in absence and presence of PUs. Figure 5.4 shows the cognitive radio frame
structure where entire frame duration is divided into sensing time 7, spectrum
reporting time 7, and data transmission time. Since a length of 7, period out of
the total frame time T that is used for sensing is 7, = T — 7. — {T' — (7 + 75)}
and length of period 7, is used for spectrum reporting to decision time is 7, =
T —1,—A{T — (1s + 7}). Since 75 >> 7, therefore the achievable normalised

throughputs of the SUs under these scenarios are:

Ro(r,k,) = CoP(Ho) (1= 7-) (1 = Pra(r,k,€)) (5.52)
Rar(r, k, Z) = Crr P(Hy) (1 - %) (1 —Pp(r, k,€)) (5.53)

Where P(H,) and P(H,) are the probabilities of the PU being absent and present

in the channel respectively. Average achievable throughput of SU is given as:
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R(7,k,Z) = Ro(1,k, &) + Ry (7, k,§) (5.54)

Similar to equation (5.37) this is an optimisation problem where can optimise 7

and k& number of CRs participating in decision::

max R(T,k,Z)

T,k,2

s.t. ]PD(T,/{?,E> Z PD
0<r<T
1<k<M

(5.55)

Where Pp is target probability of detection at FC to protect PU. Optimum value
of 7,k and = can be obtained by fixing one parameter and optimising the remaining
parameters. Let us say Pp(7, k,Z) = Pp for a given 7 and k two thresholds = = =,
and Z = E; are defined such that =; < Zy. Then similar to equation (5.40) and

(5.41):

IP>D<’7_7 k? El) > IP>D<’7_7 k? EO)

_ _ (5.56)
Ppa(1,k,Z1) > Pra(r, k, =)
which leads to the conclusion
Ry(1,k,=1) < Ro(7,k, =
il 1) < Rol 0) (5.57)
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Figure 5.10 shows that the maximum normalised throughput increases with
the increase in sensing time and attains maximum value and then settles down.
This behaviour is kick-started by increase in sensing time which results in decrease

in data transmission time. Throughput also increases with the increase in SNR
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value at SU from —10dB to —2dB.

5.6.1 Decision and Fusion Strategies

OR Rule

If one of the SU declares that there is PU, then the final decision at FC is declared
that there is PU. For all the independent decisions, the probability of detection

and probability of false alarm at FC are:

M

]P)D(T,k, E) =1- H(l _PDi(Tak7€>>

(=1
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Pp(r,k,E) = 1= [[ (1 = Prai(7, k,€)) (5.59)
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Figure 5.11: Probability of false alarm as a function of number of cooperative users
OR fusion strategies

The performance of OR fusion strategy is shown in Fig. 5.11 where is it is ob-
vious that as the number of users increases the probability of false alarm declaring

the presence of PU decreases.

AND Rule

If all the SUs says that there is PU, then the final decision at FC is declared that
there is PU. For all the independent decisions, the probability of detection and
probability of false alarm at FC are:

Pp(r, k,Z) = || Po(r, k. 2) (5.60)

=
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Ppa(r,k,E) = [ [ Pra(r. k,E) (5.61)
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Figure 5.12: Probability of false alarm as a function of number of cooperative users
AND fusion strategies

Figure 5.12 shows the probability of false alarm increases with the increase in
number of SUs participating in decision. This is because if one of the user detects
the PU and other false alarms then the collective decision shall be presence of PU.
This is highly likely for AND when the number of users increase.
k-out-of-M Rule

If half or more CRs decide in favour of the presence of the PU then the final

decision at FC is presence of PU.

5.7 Multi-slot Sensing

Here in this scheme each frame is divided into multiple minislots which are dis-

continuous. Let M represents the number of minislots, 77 sensing time for each
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minislot such that 7 = M1 and Ny = N/M are the total number of samples for

each minislots then the hypotheses for each ith minislots are:

Ho:  wyi(n)

i i(n)
Hi: yi(n)

v 5.62
his;(n) 4+ w;(n) (5:62)

where h; ~ N(0, 1) and noise is i.i.d for each of the M minislots and E(|s;(n)|?) =

2

o? and E(|w;(n)[*) = o2Vi. The decision about the presence and absence of PU

can be divided into two categories ad follows:

Data Fusion

All the sample measurements from M minislots are processed jointly at FC and a
final decision is declared.

Decision Fusion

Each measurement from Mminilot is processed separately. Final decision is de-

clared after fusing the decisions of M minislots

5.7.1 Data Fusion Sensing

In this scheme test statistics of the ¢th minislot is

=
Ty) =+ D lu(m) (5.63)
L n=0
Now using data fusion the test statistics used for final decision is then represented
as
M-1
T(y) =Y gTi(y) (5.64)
=0

Where g; > 0 is scaling factor of ith minislot. From [17] if low SNR regime is
region of our interest then for target Pp4 and when the channel coefficients are

unknown then Pr4 and Pp are as follows:
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N M-—1
Pra=Q (ﬂgQ—l(PD) 1\ 77 2o |hz~|2> (5.65)
i=0

Pp=Q (é@*(zﬂm) - 7\/% > ) (5.66)

Where B = \/1 + % Zf\igl |h;|?. Now for a static channel |h;| =1 and g; = \/LM’

the division of sensing time into Mminislots doesn’t give additional performance

and

gain and the Pr4 and Pp can be given as follows:

Pra=@Q (\/ 2y +1Q7 (Pp) + v MNl) (5.67)

1
Pp = ————Q Y (Ppa) — MN 5.68
Normalized throughput for average probability of false alarm Pp 4 for all frames
is: T
B(r) = — T (1 - PFA> (5.69)

5.7.2 Decision Fusion Sensing

Let P} and PL, denote the probability of detection and probability of false alarm
for the ith minislot respectively; then for a given threshold & P}, and Py, for ith

. N
Pp = Q((f—i —yhil* - 1) m> (5.70)

Pi, = Q( (E—O - 1) m) (5.71)

w

minislots are
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5.7.3 Optimal Rule

Let D; represents the binary decision of ith minislot where D; € {0,1}Vi =
0,1,..., M — 1, the optimal rules is Chair-Varshney rule [18]:

M—1 p
A=) |Dilog =2 + (1 — D;) log
PFA

=0

1—P£ l P(H,)

. 5.72
I Py | " P(H) 512

If A > 0 then presence of PU is declared.

OR Rule

In this scheme if one of the participating SU declares the presence of PU then final

decision is declared as presence of PU. Mathematically:

-1
A= D; (5.73)

i=1
If A > 1 then PU is present. For all independent decisions , the Pp and Pg,4 for

final decisions are:

M-1
Pr=1-] (1—P,§>
i=0
= (5.74)
Pra=1- [T (1= Pia)
=0

AND Rule

Here presence of PU is declared if all the participating SU declare in favour of PU.
Mathematically:

A= TT b (5.75)
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If A =1 then PU is declared present otherwise there is no PU.

M-1
Py= 1] P}
1=0
o (5.76)
Pea= 1] Pia
=0

k-out-of-N Rule or Majority Rule

If half of the decisions favour presence of PU then the final decision is declared as

presence of PU otherwise absence of PU is declared. Mathematically:

A= Mi D A> {%w (5.77)

2
Assuming all decisions are independent and PP, Ph, ... PM~' = Pp,y and
Py, Pha, ..., PYTt = Pragthen Pp and Ppy for final decisions are:
M- M2 B i
5 (o)
— , — Ppy
> (p+g
(5.78)

Ppa = ]Z:: ((M/f; +j) (1 B PMO) [ ny2] J'PF%Z] +

It can be seen from Fig.5.13 that the average detection probability with known
channel coefficients increases with the increase in number of multi-slots for a fixed
PU SNR of —15dB. The performance gap is significant between single sensing slot
and the mutlislot sensing which thereafter decreases as the number of multislot
increases. Second trend shows that the average probability of detection increases
with the increase in sensing time of the CR. Similarly, as shown in Fig. 5.14 the
average probability of missed detection with known channel coefficients increases
with the increase in number of multislots with the performance gap larger between

single slot sensing and the multislot sensing which thereafter saturates. Second
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trend shows the probability of missed detection decreases as the sensing time

increases.

T T T T T T T ‘ﬁ
07k —[3 - M=5: Known channeI,SNRPU=-15dB }2('/ i
. _@_ M=4: Known channeI,SNRPU=—15dB i
_[>.. M=3: Known channel,SNR, ;=-15dB ’/%
—/\ - M=2: Known channel,SNR, =-15dB *
06 7| _Je . M=1: Known channel,SNR,,=-15dB e T

Avg. probability of detection
= o o
w £ o

<)
o
T
=

Sensing time

Figure 5.13: Average probability of detection as a function of sensing time in
multi-slot sensing
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Figure 5.14: Average probability of missed detection as a function of sensing time
in multi-slot spectrum sensing

Figure 5.15 shows that the average probability of false alarm decreases as the
sensing time increases for known channel coefficients. The average probability
of false alarm also decreases with the increase in multi-slots, however, the per-
formance gap shrinks with the increase in number of multi-slots. It can also be
shown in Fig.5.16 that the probability of false alarm decreases as the sensing time
increases. Secondly, the probability of false alarm decreases when number of sens-
ing slots is increased from one to five. However, the performance gaps shrinks at

the sensing time of 8ms with the increase in multislots.
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Figure 5.16: Average probability of false alarm as a function of sensing time with
unknown channel coefficients
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Figure 5.17: Normalized throughput as a function of sensing time in multislot
scenario

Figure 5.17 shows the plots between sensing time and the normalised through-
put in bit/sec/H z. It is shown that the normalised throughput increases with the
increase in sensing time. It can also be shown that the throughput increases with
the increase in multislots, however the performance gap shrinks at sensing of 8ms

as the number of multislots increases.

5.8 Aggregate Interference and Outage Analysis

5.8.1 System Model and Parameters

Received beacon signal at the ith SU transceiver can be given as:

Uni () = Gidy,*sp(n) + wy(n) (5.79)
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Where sp(n) is the transmitted beacon signal with power P, and wy(n) ~ N(0, 02).

Y w

Received SNR of the beacon signal at SU Tx is written as:
vi =Py g |? d;;a/Ui, (5.80)

In reference [19]. exact probability of detection of an energy detector is given by:

FbCW)ZCQ((Q%Phn——v5w>/\/1+2%> (5.81)

The detection probability for a small value of Pr4 can be approximated as [20]:

0, ify <7
Pp(vi) = . (5.82)
17 lffyl 2 Yo

Where 79 = Q1 (PF A) / V/v. Now the average beacon probability of miss at
ith SU be approximated as P,,; ~ Pr.(y; < ) and assuming v = a2 / Py, then

2
Pmiﬁpr<|9i ?< w0 1?2)

by (5.83)
~ Pr( | g I°< deai)
Now, the received signal at PU Rx can be written as:
M
Yo = hoso + Z Fihis; + no (5.84)

=1

Where sq is transmitted signal from PU with power F, and s; is transmitted
signal from ith SU with power P and F; is ith SU’s transmission coincident with

PU transmission if it misdetects the beacon signal and has Bernoulli distribution.

17 sz
F, = b (5.85)

0, (1—Pub)
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Aggregate interference produced by SUs is as follows:

M
Iy=Y _Ii = PpiLi = PpiBP | by | r;® (5.86)

i=1

Where L; = PSP | h; |2 r7® is the level of interference introduced by ith SU to
PU Rx if it misdetects the beacon signal.

Table 5.1: System Model Parameters

Parameters Description
Ry PU communication link distance
M number of SU users
T distance between ith SU Tx and PU Rx where e <r; < R
A Density of SUs per unit area
Q Path Loss
16 Pr. with which SU transmits
ho Channel impulse response of the PU-SU Tx link
h; Channel response from ith SU Tx to PU Rx
dpi Distance between beacon Tx and ¢th SU Tx
Vi Received SNR of the beacon signal at SU Tx

5.8.2 Aggregate Interference with Beacon Tx at PU Rx

In this section mathematical expressions of the aggregate interference in Rayleigh
and Nakagami fading are developed.

Rayleigh Fading

Aggregate interference when the signal experiences Rayleigh fading the power con-
tent in the channel is exponential distributed with parameter 1 is considered. Bea-

con misdetection probability is given as:

P~ 1 — e % (5.87)
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Generally, P,,; is kept low for good operation. Therefore above expression for

probability of misdetection can be approximated as:
P 1— (1 —~dy;) = yds; (5.88)

When beacon TX is located at PU Rx then dy; = r;. Therefore, mathematically

interference can be written as:

[i:PmiLi:PmiBP’ﬂi ‘27”;'1
= r®BP | h; |2 re (5.89)
= PBy | h; |”

Since | hi | is exponentially distribution with parameter 1, therefore I;s are iid
random variables and are exponentially distribution with parameter 1 / PBy. As
a consequence, aggregate interference Iy = Zf\il I; has Gamma distribution with
shape parameter P8y and E[ly] = M Pf~.

M—1 —io/Pﬂ'y
f[o(io;M7 PB'Y) - <ZO <

. g >0 (5.90)
(PBY)MT(M))

Figure 5.18 shows the CDF and PDF of the aggregate interference.
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Figure 5.18: CDF and PDF of cumulative interference in Rayleigh fading

Nakagami Fading

Nakagami fading channel is characterised by average received power F,,, and the
fading parameter m, the channel power | h; |2,| g; |? has Gamma distribution with

k=mand 0 =1 / m. Considering the P,,; is Gamma distributed and has the
following CDF'":

U(k,~yr; /0
PmZZPr[|g~’L|2<’7rza]: <P(k’) ) ( )
5.91
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In Fig. 5.19 it’s shown that the probability of beacon miss detection increases
with the increase in distance and it also increases with the increase in pathloss.
Therefore, higher the pathloss higher shall be the probability of beacon miss de-
tection in this case SU can make transmission and hence introduce interference
to PU. Where I'(s) = [;* r*~'e~"dt is gamma function and T'(s, ) = [; t*'e~"dt
is lower incomplete Gamma function. These two function can be computed with
the readily available MATLAB functions: gamma (x) and gammainc (x,vy). For
v << 1,I' (m, mvrf‘) ~ (mw’f‘)m / m. Therefore the aggregate interference is

(5.92)




Interference I is statistically modelled with the mean and variance which are
calculated as following this. It’s given that f, (r;) = 2r; <R2 — 62) - e<r <R.
For e << R:
E[rf Y] = 2 (5.93)
(a(m -1+ 2>

Therefore, the mean and variance of the aggregate interference becomes:

(m)" _2Retm—D)

B[] = MPS, o s (5.94)
Var[ | hy |? Tfé(m_l)} ~ <R2a(m_1) /m)
[ (2-a(m-1)*) (5.95)
(a(m — 1) + 1) (a(m — 1) + 2)
E([hif*)=1
Var[Iy] ~ M<P67S:12Z7)7;>2R2a:1)
(5.96)

" [ 2 —a(m—1)>
(a(m —1)+1)(a(m —1) +2)

5.9 Interference and Outage with Cooperative

Sensing

In Fig. 5.20 two distinct trends are observed that are as the distance between
beacon transmitter and SU increases the probability of beacon miss detection
increases.Similarly, as the cooperative distance increases the probability of beacon

miss detection decreases.
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Figure 5.21 shows the plots between mean interference and cooperative distance
for OR and ML rule. It can be seen that the ML rule outperforms OR rule i..e
for a fixed cooperative distance ML experiences less mean interference than the
OR rule. Generally, the means interference for OR and ML rule decreases as the

parameter increases from m = 1 to m = 2.

5.10 Summary

Spectrum sensing is one of the important characteristic of cognitive radio used
to find out the under-utilised band. Additionally, spectrum sensing-throughput
tradeoff is performed in order to protect the primary user and increased the
throughput for secondary user with sensing time. Sensing-throughput tradeoff
depends upon the type of receiver used in cognitive radio. Energy detector is
considered for carrying out the comprehensive analysis. For null-hypothesis and
signal only hypothesis performance of receiver depends on the signal amplitude,
sample size and noise variance. It means receiver performance can be increased
by increasing the amplitude , increasing sample size and decreasing noise variance.
Receiver operating characteristic curve involves probability of detection and prob-
ability of false alarm at given SNR values. The two probabilities for single CR
and at the FC play vital role for determinning the possible spectrum opportunity.
The two probabilities are for single CR and multiple CR sending their raw data
or decision information to FC. In additional to SNR values and the Pp and Pgy
values choice of selection of threshold is also important in determining the pres-
ence and absence of primary user. Various fusion strategies are used to asses the
performance of cooperative half-duplex communication cognitive radio for exam-
ple AND, OR and k-out-of-N rule. Multislot is also beneficial to further optimise
the throughput in known and known channel environment. It’s also worthwhile
to assess the performance of CR in terms of aggregate interference and outage
analysis.This is done by placing beacons at the PU Rx in Rayleigh, Rician and
Nakagami fading environments. Finally, interference and outage analysis has been

carried out for cooperative sensing using OR and ML rule.
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Chapter 6

PAPR Reduction and
Sensing-throughput Tradeoff in
OFDM-based Cognitive Radio

6.1 Introduction

In this chapter deals with introduction of OFDM and OFDM-centric CR because
of ubiquitous nature of OFDM in communication standards it’s highly likely that
PU signals are OFDM signals. Therefore, starting with OFDM transmitter and
receiver structure at the corresponding signal model. The aim of this chapter is
to deal with the problem of PAPR which is prevalent in OFDM based systems. In
CRNs our fundamental objective is to protect the PU or incumbent and increase
the throughput for SU. In order to increase the throughput it’s preferred to dy-
namically access larger chunks of bandwidth which is uncommon for CR-based SU
specially in TV bands. This leads to the OFDM based technique where preference
is given to aggregation of non-contiguous spectrum with the help NC-OFDM. The
concept beyond NC-OFDM is CR nulls the carriers at which PU is expected to be
present and performs it transmission where there is no SU. After discussing NC-
OFDM and the corresponding PAPR reduction techniques special focus placed
on maximisation of the sensing-throughput of the CR. Finally, Full-Duplex Com-
munication(FDC) Cognitive Radio is discussed and performance of FDC-CR and
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Half-Duplex Communication (HDC) CR with FDC-SS and HDC-SS sensing strate-
gies is compared. It’s seen that the FDC-CR which uses two different antennas for
sensing and data transmission at the same time yields higher throughput than the

HDC-CR which uses same antenna for sensing and data transmission purpose.

6.2 OFDM

6.2.1 OFDM Transceiver Architecture

Figure 6.1 and Fig. 6.2 shows the basic OFDM transmitter and receiver archi-
tecture. In OFDM high data stream generated by source is divided into N par-
allel low data stream and these streams are modulated by M-PSK or M-QAM.
The M-QAM modulated streams are transmitted on orthogonal subcarrier using
serial-to-parallel block and finally are summed up to form an OFDM signal. The
orthogonal subcarriers in time-domains and frequency domain are given in Fig.6.3

and Fig.6.4. OFDM signal can be written mathematically as follows:

N-1

1 o Kk
m(t) = & ; X g €XP (ﬂ%(t — t5)> ty<t<t,+T (6.1)
Where X, 5, =0,1,...,N —1 are the complex input signals of kth subcarrier

at mth time instant. Similarly, discretised OFDM signal is:

N-—1

1 k

Tn(t) = = D X exp (jsz”) n=0,1,...,N—1 (6.2)
k=0
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Figure 6.2: OFDM Receiver Architecture[21]

Guard interval in each OFDM symbol is used whose duration is greater than
the maximum delay spread of the channel such that MPC don’t arrive into mul-
tiple symbols and hence avoid interference. After performing P/S conversion the
baseband OFDM signal is up sampled and passed through D/A converter. Finally,
it’s bandpass filtered, upconverted and passed through PA for amplification and
then transmitted through antenna over the wireless channel.

At OFDM receiver reverse operation is performed to that of OFDM transmitter

i.e. RF to baseband conversion, lowpass filter, pass through A/D converter and
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the serial stream is converted into parallel stream and cyclic prefix is discarded.
In order to convert time-domain signal into frequency domain at the receiver DF'T

is used which is as follows:

N-1
. . kn
Xk = ngzo Tm.n €XP (]QWW) n=0,1,...,N—1 (6.3)

Where 7,,, is the composite received signal. After DFT parallel stream is
multiplexed into serial stream. OFDM signals are highly suscebtible to phase and
frequency offset. Therefore, in order to recover correct OFDM symbol frequency
and timing synchronisation is assured. It may also require channel estimation and

equalisation based on the BER and system requirements.
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Figure 6.3: Consecutive OFDM subcarriers in time domain
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Figure 6.4: OFDM subcarrier spectrum

6.2.2 PAPR Issue in OFDM

At the OFDM transmitter orthogonal subcarriers are summed together which re-
sults on composite time-domain signal exhibit large PAPR. In order to deal with
high PAPR the D/A converter with high dynamic range is used and PA with
highly linear characteristics. Both of the requirements make the receiver more
complex and costly. Therefore, it’s imperative to reduce PAPR of the OFDM
signal. OOB is reduced in order to accommodate and coexist CR users. There
are several methods to suppress side lobe levels to reduce OOB for example bor-
der carrier deactivation[22],windowing [23],subcarrier weighting[24]and insertion

of cancellation carriers[25].

6.3 NC-OFDM

An OFDM architecture can be transformed into NC-OFDM by nulling some carrier
on which PU is expected. In this way high data rates for SU can be acheived by
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aggregating non-contiguous smaller chunks of spectrum which is under-utilised by
PU. Figure 6.5 and Fig.6.6 shows the transmitter architecture of the NC-OFDM
respectively. Similar to legacy OFDM, M-PSK/M-QAM modulated high data
stream is divided into N lower data streams using S/P converter block. Contrary to
OFDM transmission all the subcarriers are not need to be activated in NC-OFDM.
Active subcarriers are allowed only in unoccupied band which is predicated based
on spectrum sensing. What makes NC-OFDM unique is the subcarrier nulling
block which periodically obtains information about the spectrum status which is
obtained from spectrum sensing. The subcarriers which corresponds to incumbent
PU are nullified at the transmitter for avoiding any interference. After converting
a high data stream into N lower data stream IFFT is used to these lower streams
to modulate on different subcarriers. Mathematically, the complex baseband NC-
OFDM signal is:

N-1

Z X i exp? 2R/ T (6.4)

k=0

Where Xm, k is symbol of the kth subcarrier, X, € {1, -1} for BPSK and
Xmx € {£1, %5} for QPSK signalling and 7" is symbol duration. X,,; = 0 for
kth deactivated subcarrier. The discretised version of NC-OFDM signal can be

rewritten as:

1

T (t) = N

N—-1
> Xppexp”™ N n =01, N-1 (6.5)
k=0

1

rm) = ¥

Cyclic prefix in each NC-OFDM symbol whose length is greater than the chan-
nel delay spread. This is done in order to avoid the detrimental effect of ISI.
Moreover, baseband NC-OFDM signal x(n) is passed through RF chain and un-

convered to intended center frequency.
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As shown in Fig. 6.6, the NC-OFDM receiver performs inverse operation to
that of NC-OFDM transmitter. Received NC-OFDM RF signal is downconverter
for baseband processing, then the signal is passed through P/S block for parallel
to serial conversion, CP is removed and FFT is applied to converted time-domain
signal to frequency-domain. After channel estimation and equalisation to com-
pensate the effect of fading, active NC-OFDM subcarriers are passed through P/S

converter and hence original high stream date is reconstructed.
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Figure 6.6: Receiver Architecture of NC-OFDM

NC-OFDM is advantageous for SU maximising its throughput by aggregating
the non-contiguous chunks of underutilised PU band. In addition to its advan-
tage, it has the same disadvantage of PAPR as it’s for the legacy OFDM. When
subcarriers are added coherently, the NC-OFDM signal exhibits large PAPR. In
order to run the system at high PAPR DAC with higher resolution is used and PA
with high linearity in order to avoid amplitude clipping. This may lead complex

and costly receiver.

6.4 PAPR in NC-OFDM

NC-OFDM exhibits large PAPR similar to OFDM because of the summation
of the subcarriers at the transmitter side. In order to counter act the nega-
tive effect of PAPR there are various techniques proposed in literature. For ex-
ample filtering[26][27][28], error control coding [29][30][31], constellation shaping
techniques[32][33][34] and power adjustment techniques[35][36][35].

PAPR Definition

PAPR is defined asPPAPR is ratio of the peak power present in subcarriers to the
average power. The highest PAPR is exhibited by the NC-OFDM signal when the
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subcarriers are added coherently.

6.4.1 Baseband PAPR

In the following subsection continuous time version and discrete time version def-
inition of the baseband PAPR is discussed.

Continuous Time PAPR

It’s known that baseband OFDM signal consisting of N continuous subcarriers can

be given as follows:
| V-l '
z(t) = 7 Z X2kt T (6.6)
k=0

Where X, is the kth carrier symbol and T is OFDM symbol duration. Now for
such OFDM signal the PAPR is defined as:

2

maz |z (t)]

A= EJe(0)]

Discrete Time PAPR

Continuous Time PAPR is uncommon therefore discrete PAPR is taken into con-
sideration. The discretised version of the above equation with some oversampling

factor L is given by:

=

A /Ny — 0,1, LN — 1 (6.8)
0

z(n) = %

B
Il

Mathematicall, discrete PAPR of baseband OFDM signal is given by:

max  |x(n)|?
0<n<LN-1

PAPR = & 0]
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6.4.2 Passband PAPR

Real signal of passband OFDM signal can be given as follows:

rpp = R{x(t)e*™ ")
= R{x(t) cos(2m f.t) — S{x(t) sin(27 ft)}} (6.10)
= {x(t) cos(2n fet) — {zg(t) sin(2w f.t)} }

Oftentimes carrier frequency is much higher than the signal bandwidth, therefore
the maximum of modulated signal is max|sgp(t)| = maz|s(t)|. Now the average

power of the passband signal:

Elers(t)* = E|[R{(t)e "}
ZJEDxI@)cmxzwﬁ¢>-{xQ@)sﬂmzwﬁJ)H2
= SE[{n(0)? + {zo(t)?)]
= 2E[x()P]

(6.11)

Hence the passband PAPR can be given as:

max|zpp(t)|
E|lers(t)P?]

 maz|z(t)| (6.12)
1E[le()P]

~ 2PAPR{x(1)}

PAPR{.%’]DB} =

Above equation shows that the passband PAPR is approximately twice the
banseband PAPR.
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6.4.3 Bounds on MPSK-OFDM and MQAM-OFDM PAPR

MPSK and MQAM are frequently used modulation techniques with OFDM transceivers,

therefore it’s essential know upper and lower bounds of PAPR.

MPSK-OFDM

All the subcarriers in MPSK modulated OFDM system amplitude level of the
signals in constellation is constant. Therefore, all the subcarriers have constant
power. Let us say that the input data sequence is MPSK modulated and power
across subcarriers is constant. Then the PAPR of OFDM signal[37]:

2

N-1
1 :
2 _ - j2nkn/LN
otk o = gz |7 2 e (6-13)

All the subcarriers are added coherently and the highest peak is observed, the
peak power of the OFDM signal is:

N-1
1
2 < _
N
= A?

Using the Parseval’s relationship for the DFT [38]:

N-1 1 N—-1
S lem)P =+ 3 XP (6.15)
n=0 k=0

In order to get average power in time domain both sides are divided by N:

E(Jo(n)?) = yE(IXeP)
— A2/N

(6.16)

Then using eq.6.14 and 6.16 the PAPR of OFDM signal can be written as:
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PAPR [:U(n)} =

maz  |z(n)]?
0<n<<LN-1

E(lz(n)P?)
A? (6.17)
< -
= A2/N
<N

PAPR of MPSK-OFDM signal is always less than or equal to N [37].

MQAM-OFDM

Since in MQAM both amplitude and phase of the signal are varied, therefore
MQAM-OFDM signal has different power levels:For square constellation M-QAM

signal i.e. (:I: mA, :i:mA) where m=1,3, ...,

vV M — 1 assuming all the constella-

tion points are equally probable, then the average transmitter power can be given

by[39]:

2

Oy

A2 z 2 2
= 37 (amc + ams)
M m=1
s S(05) = e )
M me/) T M mc
m=1 (6.18)
8A2
,/ Z (2m —1)?

2A2

3

Where (ae, ams) are the coordinates of the mth constellation Worst-case PAPR

as in [21]:
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~ A

B P
min S PAPRma‘,E < max

E(lz(n)[?) ~ Elz(n)? (6.19)
3N 3N(VM — 1)
M_ISPAPmeS W1

Where P, = 2A% and P, = 2A42(vVM —1)?

6.4.4 Statistical Characteristics

Consider the case where all the sub symbols are i.i.d, then by CLT the real and
imaginary parts of the N-point FFT output have Gaussain distribution with mean
zero and variance 2 i.e. N~ (0,0?). Therefore, the instantaneous power of the

baseband OFDM signal s(n) is:
p=R{z(n)}* + 3{z(n)}? (6.20)

Instantaneous power can be characterised as Chi-squared distribution with two
DoF as follows[40]:

1

p
fp) = —exp(=—3), p<0 (6.21)
The CDF of PAPR is defined as:
Po
Pr(p <po) = f(p)dp
0 (6.22)
= ]_ _ 6_%

If E[|z(n)[?] is normalised to unity, then the CCDF of the PAPR is given by:

Po

Prip>p)=1—(1—e )" (6.23)
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Table 6.1: Theoretical approximation to CCDF of PAPR values|21]

CCDF \ Remarks \ Reference ‘
Pr(p>p)) ~1—(1—ea2)™" a=28and N > 64 [41]
Pr(p > po) = 1—exp ( — \/%Nem) [42]
Pr(p>py) ~1—exp ( - @N@po) [43]
Pr(p>py) =~ 1—exp ( — \/;—%) N and pg are large [44]
e 2

PAPR CDF for non-circular constellation is given by[45]:

Prip>mp)=1- (1 — 2exp(—po) + exp ( —

Ve 2
-
0 2ro,

d

2

- Qz;) (1 —erfc(

N-2

)
)}

(6.24)

2

Where 02 = (1 — pa)/2, p2 mean power of the symbol constellation, o2 =

)

(1 + p2)/2. For BPSK, py = 1,02 = 1 and 02 = 0, the CDP of PAPR can given

mathematically:

Prip>po) =1— (1 —erfe( po/2))2(1 —em)
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6.5 PAPR of NC-OFDM Signal

Using CLT for large number of carriers N, the OFDM signal is Gaussian dis-

tributed with zero mean and variance 0? = N,0%/N Where N, is number of

active subcarriers and ¢%, is input sequence variance [46]. Assuming the symbols

are i.i.d, then by invoking CLT the real and imaginary parts of N-point IFF'T

output follow mutually independent Gaussian distribution function i.e N(0, c?).

Thus instantaneous power of the baseband OFDM signal s(n) is mathematically

given by:

p=R{z(n)}* + 3{z(n)}’

The instantaneous power follows Chi-squared distribution with two DoF:

Therefore, CDF is given by:

Po

Prlp < po) = / Y fpdp =1

If E[|z(n)[?] is normalised to unity, then the CCDF of PAPR is given by:

N
Prip>p)|=1- (1 — e_ig>
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Figure 6.9: PAPR Distribution in NC-OFDM Signal o = 1

In NC-OFDM system active subcarriers have three different locations as ex-
plained below:
Contiguously-spaced Active subcarriers
Data over continuously spaced active subcarriers with adjacent deactivated sub-

carriers can be given by:

0 fork=0,1,...,m
A =S ¢ fork=mny,ni+1,...,n9 (6.30)
0 fork:ng,nQ—{—l,...,N

Where ¢, are data symbols and z;, € {1 £ j} for QPSK signalling and sub-

carrier through ny and ny are active.

Regularly-spaced Active subcarriers

The data over regularly spaced active subcarriers is given by:
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Ck fork=0,m,...,N
A = (6.31)
0 otherwise

6.5.1 Maximum PAPR Distribution in NC-OFDM Signal

PAPR of an MPSK-OFDM signal is less than or equal to N[37].With p active
subcarrier and input symbols chosen from MPSK constellation such that |Ay]|.
The peak power of the NC-OFDM signal is given by:

2

0<t<T ‘\/_ZN 1A ei2mkt/T

mazx |z(t)
2
<P
- N

Moreover, using Parseval’s relationship the average power of NC-OFDM signal is
given by:
1

2
\/_ZkalAkejznkt/T }
N—
Z |Ak (6.33)
k=0

Finally, the PAPR of the NC-OFDM signal is given as follows:

2
Dax [z(t)]

Ef|z(t)[?]
p*/N (6.34)
~ p/N
<p

PAPRNc_orDM =
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Hence, the maximum PAPR for MPSK-OFDM signal with p active subcarriers is

p regardless of the total number of subcarriers N.

6.6 Sensing-throughput tradeoff in OFDM-based
Cognitive Radio

The system model for OFDM based CR can written as follows:

Ho:  xp(n) = wi(n)

. (6.35)
Hy:  zp(n) = hed®s(n) +wn) n=0,1,...,N—1

Moreover, the global test statistics at FC under the two hypothesis which are

Gaussian distributed as follows[47]:

7‘[02 Tk<£L'k)NN(O'2 0'2/KN)
ot 2 6.36
Hl : Tk(a:k) ((T + —th, LN ]:2; ZhQ) ( )

Where o is noise variance, ) = E[hﬂ average power in the channel and 6, is
kth channel phase. Therefore, the global Pr4 and Pp at the FC can be written
as[47]:

Ppa(m,N) = Q((% - 1)\/k:N) (6.37)
— kN 2 gl
Similarly, average SNR ~ is:
K—1
Y= M, v=0/0 (6.39)
k=0
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Now probability of outage P,,; is defined as:

P,y =Pr{Pyp >¢}=Pr{Pp<1—¢} <a (6.40)
Putting eq.6.40 into eq.6.38 and after some algebra P,,; can be given as:

2

Po= PAN/R) = 2( 804 52 )+ (b0 =) <0} (6a)

Where €, = Q7' (1 —€),A = (7/0*—1). Let 3 be the largest root and minimum

SNR below which outage occurs:

B(T e N) = kA + et \Je2 + RN (23 + 1) (6.42)

Probability of outage in terms of instantaneous SNR

Pr{’y < B(, ec,N)} = Pr{ﬁzk:hi < B(r, €, N)}

— Pr{zhi < —B(T’;C’N)}
k

(6.43)

Where hy, ~ Nakagami(m, %) and has the following PDF:

@) () e

P, is given by the CDF of the f,fk as:

mpB(7,ec,IN)

T(km)

Py =1— (6.45)

Setting eq. 6.45 equal to «

132



mpB(1,ec,N) mpB(7,ec,N)
1— =

['(km) ['(km)
F(km, mﬁ(g,?C,N))
L(km)(1—a) = o) if X =T(a,8) = Z=T"8,X)
1 _ mp(r,e,N)
= I (km,T'(km)(1 —a)) = 0

Q
= B(TaecaN):E

AT (k:m ['(km)(1 — a))
(6.46)

Substituting B(7, €., N) = 24! (km, C(km)(1 — 04)) in eq.6.45, P, can be
given as:

Py =1 —=T(km, T (km,T(km)(1 — «))) (6.47)

If m =1, them Q = 20? and ¢? = 1 for Rayleigh distribution:

Q
B(1,e, N) = E:}/F_l(k‘m, L(km)(1 — «)) (6.48)
For k£ = 1 non-cooperative case:
B(r,€e,, N) = =271In(1 — «) (6.49)
Critical Threshold

QAT (km, T (km)(1 — )) e
km Nk

\/N(<%) AL (km, km(1 — o)) + k;) }

After taking into consideration the critical threshold probability of false alarm

T(€e,a, N) = 02{1—1—

(6.50)

Pr4 and probability of detection Pp can be written as follows:

o2

Ppa(r,N) = Q((—T(ec’ “N) _ 1) \/k_N> (6.51)
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T(€e, 0, N
PD(T,N):Q<1/1+]€;\;/]€( ( > )—1—%)> (6.52)

6.7 Average OFDM Cognitive Radio Through-
put

The total average throughput for OFDM cognitive radio is sum of the throughput

in presence and absence of the primary user. Hence,mathematically[47]:

R(N) = (1 — N/M) log, (1 + %) (1 — Ppa(r, N)) P(Ho)+

(1 - N/M) log, (1 o 302) (1 — Pp(r, N)) P(H,)

Finally, the achievable throughput is the throughput of OFDM cognitive radio

(6.53)

in absence of PU since the throughput for CR in presence of PU is very small
as compared to throughput of the CR in absence of PU. Hence, eq. 6.53 can be

written as follows:

€c

R(N) = (1 - N/M) log, (1 + 2) (1 — Pp(r, N)) P(H,) (6.54)

€p+ 0
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6.8 Autocorrelation Based Sensing of CP-OFDM
Signals

In order to detect the PU signals which are most of the time OFDM signals
with cyclic prefix (CP) and known as CP-OFDM is useful method of detecting
PUs[48]. Autocorrelation coefficient for CP-OFDM is non-zero at delays 7 = +7},
where T} is useful OFDM symbol. Moreover, of special interest is the low SNR
regime because it is imperative to detect very weak PU signals so that SU should
not introduce harmful interference. The performance of autocorrelation based
detection scheme in AWGN and multipath fading in terms of Pr4 and Pp is

assessed.
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6.8.1 Autocorrelation based spectrum sensing

Typically an OFDM signals is sum of narrowband subcarriers that are PSK or
QAM modulated. The number of subcarrier is is passed through IFFT block and
S/P blocks for transmission. If ¢(0),¢(1),...,¢(Ty — 1) are T, complex PSK or
QAM symbols then the output of the IFFT block can be written as follows:

c(t)y=—=> C(fle ™ t=0,1,....T;—1 (6.55)

Where t is discrete time index and f is discrete frequency index. If T, is number
of symbols in CP i.e. [¢(Ty —T,.),...,c(Ty — 1)] are added infront of the block as
the CP to form an OFDM block ¢(T; —T¢),...,c(Ty—1),¢(0),c(1),...,c(Ty—1)].
A transmitted OFDM frame consists of such blocks. Let us represent symbols
of transmitted OFDM frame by s(t), Ho null-hypothesis and H; an alternative
hypothesis. Now hypothesis problem can be written as :

(6.56)
Hi: y(t) =s(t) +w(t)

Where y(t) is received complex OFDM signal and w(t) is CSCG noise. For a large
IFFT size and by invoking CLT such that

s(t) ~ N (o, ag)

s(t) ~ N, (0, ai) (657

Where N. is complex Gaussian random variable. Since y(t) = y,(t) + y;(¢)

therefore

e(t) ~ N, (0,02/2)

BlE) ~ (o 02/2> (6.58)
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For CP-OFDM signals the autocorrelation coefficient can be given by:

o) =2 (st e+ 7)) [E (w0 (6.59)
For lags at 7 = £7,; under the two hypotheses

7‘[0 : p(:l:Td) =0
Hi: p(£Ty) =m

B T, o2
o= Ta+T.) \ 02+ a2

T. SNR o2
B (TC+Td) <1+SNR) - ONR = <0_2>

w

(6.60)

Where

(6.61)

Similarly, for multipath channel of order P and tap coefficients g(I), l = 0,1, ..., P—
| and § = f’:;lE(yg(Z)P)

T. do?
p2 = (Tc + Td) <5ag + 5ggu> (6.62)

For AWGN case 6 = 1 and p; = py and 0 < p; < 1 and real-valued coefficient
p(7) = p(—7). From the observations of several OFDM symbols y(0), y(1), ..., y(M-+

Ty — 1) two real random vectors can be formed from observations such that:

21 = [ (0 Oy (Vi (1) . (M = Dyi(M — 1)

(6.63)
2 = |9 (L)ys(Ta)ye (T + Dyi(Ta+ 1) .o (M + Ty = )y (M + Ty — 1)

Now, the two random variables are jointly Gaussian under both hypothesis

with PDF [49)]:

exp ( —1/2 (—Zl(t)QEZQ(t)2>)
70

2
2mog

(6.64)

f (zl (1), zg(t)m0> -
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and

L <21 (t)2—2p121 (t)zz(t)+zz(t)2> )

exp (
f(21(t), 22() | Hy) =

o 2(1-pD) of (6.65)
21o?\/1 — p? .
Where 0? = g;ag and 0§ = 2. Now the LR for hypothesis test is given as:

A ), 2 (0)[H)
- H F(z1 (D), 2o (6.66)

t=0

S (= - =) 3 (507 + 507+
= -xXp| —=| —— 29
oM (1 — phM 2\ (1—p})o

t=0

L M 1zl<t>22<t>>

(1 —pP)o?
(6.67)

Since z1(t) and 2y(t) are iid, therefore E(22(t)) = E(22(t)). Now ¢.? is maxi-

mum likely estimate of E(2?(t)) based on z; and z, then ¢.? is given as [49]:

2M —
G2 Z (226 + ) (6.68)
=0
Equivalently, ¢, can be rewritten in terms of observations as [y, (t), y;(t), ..., y,(M+
Ty —1),y:(M + T, — 1)] as follows:
1 M+Ty—1
~ 2 2 2
2 1)+ y2(t
R (6.69)
- — 2

Using low SNR approximation ¢.? ~ ¢? a~ ¢2 and substituting eq. 6.69 into

6.67:
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o ( ~2 (et 1) e pf);m“))

U —
1 — 2\ M
. 2Mpip
exp ( 2M((1 91)) + (1_1,)%]‘)“)
a (1 —p})M

Where pyp is ML estimate of p from vectors z; and 23 [49]:

) 1/2M S 21 t

pML = [2M i 5 21t)z(0) (6.71)

o

Equivalently, pys;, can be rewritten as in terms of observations: [yr (0),4:(0), ..., y-(M+

Ty — Dy;(M + T, — 1)} as

Par = 1/2M S0 g (0)ye (t + Ta) + yi()ys(t + Ta)

1M S Ry () (¢ + T))

(6.72)

For exponential distributions it’s convenient to use LLR instead of LR. Therefore,
the LLR is given by:

2Mpi(P3sr, — p1)
(L—=p1)
In addition H; is decided if L > & where & is detector threshold and H; is
decided if

L=1log¥ = —Mlog(l— p?) + (6.73)

. (1—p)
PriL > 2Mp11 & + Mlog(1—p7) ) +m (6.74)

parr is required LLRT for hypothesis test. The probability density of p3,; under
H, based on 2M real symbols is [49]:
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2) (2M—4)/2

Jare (Prrn|Ho) = (6.75)

1—pumr

Theorem 6.8.1 If pyrp, is correlation coefficient for 2M symbols from real-valued

Gaussian distribution with correlation p, then % 15 asymptotically dis-

tributed according to N'(0,1)[49]:

Ho: o lim VoM pyr 5 N (0,1) (6.76)
—00
Moo lim V2Mpur 5 N (V2Mpy, (1- g7)°) (6.77)
Where p; = (TCZ;CTd 023572) and % denotes distribution convergence. Test

statistics for sufficiently large M can be approximated as:

Hoi ﬁMLNN(O,l/QM)

. & (1-pi)
Hi: puer N(pla oM

(6.78)

It can be seen that this is classical detection problem with test statistics pasr.
Different detection strategies can be used for example Min-Max, Neyman-Pearson
and Bayes depending upon the error constraints to be satisfied and extent of prior
information available. For Neyman-Pearson selected false alarm rate to be satisfied
at the detector. For example Gaussian random variable r ~ A (u,, 0?) it can be

expressed as [50]:

Pr(r>¢,) = %erfc(&\/;:r) (6.79)
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Therefore, from above equation, the expression for Pr4 is derived as follows:

Pra = Pr(pur > §|Ho) = %erfc(mfi) (6.80)

Where the threshold can be given by:

& = \/LﬂeTfC_l(PFA) (6.81)

Similarly, the Pp is given by:

Pp = Pr(pyy, > &) = %erfc(\/M(il :pp%)) (6.82)
This requires knowledge about Ty such information is provided in different stan-
dards. Even if it is not given it can be extracted from the few possible available
options. Figure 6.11 shows probability of detection versus SNR for DVB-T stan-
dard with parameters as enlisted in caption. It can be seen the probability of
detection increases with the increase in SNR and it also increases with the in-
crease in probability of false alarm which is in accord with our intuition developed

in chapter 5.
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Figure 6.11: Probability of detection Pp versus SNR for DVB-T standard: T; =
8192,T. = 1024, = 0.111

Figure 6.12 shows the ROC curves for DVB-T standard which parameters
enlisted in caption. It is shown that the probability of detection increases as the
probability of false alarm increases. It is also shown the probability of detection
increases with the increase in SNR. For example at Pp is 0.05 at Pr4 value of 0.05
for SNR of —22dB and at the same Pr4 = 0.05 it shoots up to Pp value of 0.88
for SNR of —10dB. It’s shown that the Pp drops slowly for lower values of SNR

as compared to the higher counterparts.
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Figure 6.12: Receiver Operating Characteristic (ROC) curves for DVB-T standard:
Ty = 8192,T, = 1024, = 0.111

Figure 6.13 shows the ROC curves of three different standards utilising OFDM-
based communication system at SNR values of —12d B and —15dB with the param-
eters as enlisted in caption. It follows the same interpretation for ROC as shown in
previous Fig. 6.12, but here it’s shown that their relative ROC performance. It’s
also shown that ROC curves of WLAN at both SNR values outperform other two
standards i.e. DVB-T and LTE-A. WLAN ROC curve at SNR of —12dB shows
almost excellent trajectory where it’s seen that it nears the desirable performance
i.e. at lower value of Pp, it gives maximum Pp value which is uncommon for rest
of the standards.
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Figure 6.13: Receiver Operating Characteristic (ROC) curves for DVB-T, WLAN
and LTE-A standards: Ty = 8192,T, = 1024, = 0.111; T; = 52T, = 13,4 = 0.2
and T; = 512,T, = 36,4 = 0.067 respectively

6.9 Effect of Information of CP

If CP is known , then the performance can be improved. The ML estimate for

autocorrelation can be rewritten as:

) LS IRy (t)y* (t+ T)}
PML = 52

LS NS Ry (0T + Oy (n Ty + Ty)}

(6.83)

2
0%

Where Ny = M/T; is number of OFDM blocks over which autocorrelation coeffi-
cient is estimated T's = T'c + T'd is number of symbols in OFDM block. Thus in
absence of CP information, numerator is obtained by summing the product over

a sliding window of length 7T, 4 T; for OFDM block and again adding these sums
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for N, blocks. Autocorrelation for this case is:

A Zivzsal ZteCp §R{y(nirs + t)y*(nTs +t+ Td)}

je T (650
Hoo pe~ N (0,
0 - Pe 9 2M1
(1o (6.85)
Hl : Pe ™~ N(pc, 2—]\41)

Where p. = SNR/(SNR + 1), DVB-T and DVB-T2 have 4 and 6 different CP
lengths respectively.

6.9.1 Detection Performance in Multipaths

Consider multipath channel P. Let us denote channel tap-coefficient by g(I)1 =
0,1,...,P—1. Channel taps are assumed to be independent of transmitted signal
s(t) and noise w(t). Under the hypothesis H; received signal in multipath scenario

is:

y(t) = s(t) * g(t) + w(t)

= Z:lg(l)s(t — 1) +w(l) (6.56)

1=0
Autocorrelation coefficient p = E(y(t)y*(t + Tu)) /E(y(t)y*(t)) under two hypoth-
esis is given by:

Ho: p=0

(6.87)
Hi: p=p2
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E(y(t)y*(t + Td)|7-[1>
E(y(t)y*(t)l’Hl) (6.88)

B T. do?
N Tc + Td 50‘? + U%U

Where 6 = lP;(f E(]g(1)]?) and s(t), g(t) and w(t) are CSCG and also y(t) = s(t)*
g(t) + w(t) is CSCG random variable. Similar to AWGN case, LLRT statistic for

hypothesis testing problem in multipath scenario is gven by py;r. Using theorem

P2 =

6.8.1, the asymptotic distribution of py;;, under two hypothesis are:

Ho: pur NN(O, 1/2M)

(6.89)
Hl : ﬁML ~ N(p?a

Using these distribution, the Neyman-Pearson detector is designed and hence

Pr4,& and Pp respectively are as follows:

Ppy = Pr (ﬁML > §l|7'lo) = %6770(@&) (6.90)

§ = erfc_l(QPFA) (6.91)

1
VM

1 _
Pp = Pr(ﬁML > §Z|H1> = ierfc<m€1l_ p22

P2

) (6.92)

6.10 Full-Duplex Communication CR

In this section the case of non-time slotted CRN is discussed where PUs and the
SUs are not synchronised like the case in slotted CRN where PUs and SUs are syn-
chronised. In multichannel non-slotted CRN PUs randomly arrive and leave the

channel and they can reclaim the licensed sub-channels later on. In non-slotted
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CRN PUs may sense busy channel since it can’t distinguish between peer PUs
traffic or SU traffic and thus goes into backoff stage and retransmit with persistent
carrier sense multiple access (p-CSMA) which might result in collision and ulti-
mately affect the PU throughput if the SU doesn’t sense the PU reactivation and
leave licensed PU sub-channel. In time-slotted CRN PU and SUs are synchronised
and as in [51][52] cognitive MAC protocols have been proposed to maximise SU
throughput in time-slotted CRN. Legacy half-duplex spectrum sensing (HDC-SS)
schemes and half-duplex communication MAC (HDC-MAC) can’t solve reactiva-

tion failure problem for non-time slotted CRN.

6.10.1 System Model

Figure 6.14 shows non-time-slotted multi-channel cognitive radio network model
where PUs use their L licensed sub-channels and M SUs opportunistically contend

for the PU licensed sub-channels.

-N PUs have high priority -M PUs maximise their throughput
to access the licensed TV band given that PUs are protected

Figure 6.14: Multi-channel cognitive radio network model

Control model of non-time slotted CRN

In non-time-slotted PU traffic and the SU traffic is asynchronous in nature. Figure
6.15 shows the control model of the non-time-slotted and the time-slotted CRN.
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On/off times of PU and SU to access and leave the channel for non-time-slotted
CRN are different.

o e e e

SU TS-1 TS-2 TS-3 TS-4 TS-5 TS-6

(a)
o [N o [ ore [TON] ore [0

SU TS-1 TS-2 TS-3 TS-4 TS-5 TS-6

(b)

Figure 6.15: Control model of non-slotted multi-channel CRN and time-slotted
CRN

Spectrum sensing in NTS-CRN

In NTS-CRN spectrum sensing and transmission is performed at the same time
using two different antennas. Figure 6.16 shows that the total transmission time of

NTS-CRN is divided into V' sub-slots to do parallel sensing during transmission.

SU1 SP | SU2SP | SU3SP | SU4SP | ------- SUV SP

SU1 SP: Sensing Period of SU1

Figure 6.16: Spectrum sensing non-time slotted CRN (NTS-CRN)
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FDC-SS scheme algorithm

FDC-SS algorithms as shown below is used for non-time slotted CRN:

Algorithm 1 FDC-Spectrum Sensing Scheme

: Time-slotted SU sensing period (SP) is divided into V sub-periods
if SU attempts the idle channel then
SU uses legacy HDC-SS scheme within each sensing period
else
SU is using channel C
The SU senses the channel C; with FDC-SS within each sensing period
end if

6.11 FDC-SS System Model

The sampled output of CR employing energy-detector can be given as follows:

y(n) = Vkhs(n) + w(n)n =0,1,2, ... N —1 (6.93)

Where h is channel gain between PU and SU and has Rayleigh distribution.

s(n) is sampled PU signal, w(n) is sampled AWGN with zero mean and variance o>

i.e. N~ (0,0?) and k is self-interference introduced because of the simultaneous

sensing and transmission that takes place in FDC-CR. When k = 0 means there

maximum self-interference introduced and no self-interference for £ = 1. The test

statistics using FDC-SS at the output of the energy detector can be given by:

Tn(y)

% (ZZ:O | \/Ehs(n) +w(n) [? +Ziv:u+1 | w(n) [? ), if Hqo

(6.94)

% (EZ:O | w(n) [? +Z7]:[:v+1 ‘ \/Ehs(n) + w(n) |2 ), if Ho1

\

Where hypothesis H19 means PU is active for first © samples and then becomes

inactive for rest of the samples n = u+ 1 to N. and hypothesis Hy; means the PU

was inactive for the first v samples and then became active for rest of the samples
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n=v+1to N. N is total number of samples for entire sensing period. Here
PU signal s(n) and noise w(n) are considered as CSCG which represents signals
with rich-ISI such as OFDM. For large number of samples N using CLT under
hypothesis H1o and the PDF of the test statistics Ty, p1o(x) can be approximated
by Gaussian distribution. Thus the Pp and Pr4 of a PU for non-time slotted CRN

respectively can be given mathematically as follows:

PFA(S,N, U, k?) = Pr. <TN(y) > 5 | H10> = /Ooplo(l')dl'
13
&, - ) (6.95)

:Q< &
V e (b + 1) 4 2

Po(&,N,v,k) = Pr. <TN(y) >¢| H01> - /£ " por(2)dz

= Q( % — Ak — 1 > (6.96)
B (ks +1)° +

Where € is the threshold of the energy detector employed in the receiver. Now
by setting v = 0,v = 0 and k£ = 1 in above equations and the expressions for
Pra(&, N u, k) and Pp(&, N,v, k) can be given as follows:

Pra(€, N,u,k) = Q ((é . 1) JN) (6.97)

Pp(§, N, v, k) = ((% — Yps — 1) vy > (6.98)

lop Yps + 1

From above two equations it can be seen that the Pry and Pp for slotted CRN
are special case of non-time slotted CRN. Figure 6.17 shows the probability of
detection and energy-detection threshold for FDC-SS without self-interference i.e.
k = 1. It can be seen that the probability of detection decreases as the threshold
increases. It also decreases with the increase in number of samples for which PU

is initially absent i.e from v = 500 to v = 1500. Figure 6.18 shows the probability
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of missed detection versus threshold for FDC-SS with no self-interference. It can
be seen that the probability of missed detection increases with the increase in
threshold e. It also increases with the increase in number of samples assigned to

PU for which initially remains inactive.

‘ B = T T
5 gtgfgﬁ —E-- Pd (Time slotted CRN)
09 RS —P>-Pd (v=500, k=1) ]
RN ~Z=- Pd (v=1000, k=1)
08| R —¢>-- Pd (v=1500, k=1)
' N

\‘

o
I
T

\
‘ >\ Iy

o
»
T

Probability of detection Pd
°© o o
w £ (&)}

o
N
T

o
-
T

0.9 0.95
Threshold ¢

Figure 6.17: Probability of detection of time slotted and non-time slotted full-
duplex cognitive radio without self-interference
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©
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Figure 6.18: Probability of missed detection of time slotted and non-time slotted
full-duplex cognitive radio without self-interference

Figure 6.19 shows the probability of detection of slotted and non-slotted CRN
with HDC-SS and FDC-SS spectrum sensing scheme. Here the effect of self-
interference is considered and the probability of detection with self-interference and
without self-interference for FDC-SS is compared. It’s shown that the Pp for time-
slotted CRN outperforms all the cases of non-time slotted CRN. Moreover, the Pp
decreases as the energy-detector threshold increases, it also decreases for the non-
time slotted CRN with the self-interference and without self-interference. However,
the Pp without self-interference is higher than the Pp with self-interference, but
the performance gap is very small. Similarly, Fig. 6.20 shows the probability of
missed detection which increases with the increase in energy-detection threshold.
It also increases with the increase in number of initial sample values for which
PU remains inactive. The probability of missed detection also increases with the
increase in self-interference factor k. There is small performance gap between
probability of missed detection with self-interference and without self-interference,
but there is significant difference in probability of missed detection for slotted

CRN and the probability of missed detection when the number of initial samples
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for which PU is inactive increase to v = 1500. For example at energy-detection
threshold of £ = 1 the probability of missed detection is 0.2 which increases to Pyp
value of 0.55 for PU which remains inactive for initial sample values of v = 1500.
Summary of different values of Pp, Pyp and Pr4 in the following table. Note that
Pr 4 is calculated when he PU is active initially for u samples and then leave the

channel for rest of the sample values.

Table 6.2: Pp, Py p and Pr4 values for non-time slotted CRN with self-interference
and without self-interference

Self-interference

Threshold (&) | # of samples (v) | (1)

PD PMD u PFA

1 500 1 0.68 | 0.32 | 500 | 0.70
1 200 0.9 0.65 | 0.35 | 500 | 0.68
1 1500 1 0.28 | 0.72 | 1500 | 0.92
1 1500 0.9 0.25 | 0.75 | 1500 | 0.90

—B-- Pd (Time slotted CRN)

—p—- Pf (v=500, k=1) E

—b—Pd (v=500, k=0.9)

—B-- Pd (v=1000, k=1)

—B—Pd (v=1000, k=0.9)
Pd (v=1500, k=1)
Pd (v=1500, k=0.9) |1

g
[e]
T

Probability of detection Pd
o o o o
SIS N N

o
"

0.9

Threshold ¢

Figure 6.19: Probability of detection of time slotted and non-time slotted full-
duplex cognitive radio with and without interference
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Figure 6.20: Probability of missed detection of time slotted and non-time slotted
full-duplex cognitive radio with and without interference

Figure 6.21 and Fig. 6.22 show probability of false alarm versus threshold
which follows our intuition developed after our earlier discussions on Pp and Py;p
with and without self-interference for slotted and non time-slotted CRN. It’s shown
that the probability of false alarm of time-slotted CRN is less than the probability
of false alarm for time-slotted CRN when the PU is initially active for v = 500 to
u = 1500 samples and later leaves the channel empty. This is also true for the Ppy
values with self-interference and without self-interference. For fixed sample values
let us say u = 500 the Pry with interference is little higher than the Pr4 without
self-interference i.e. k = 0.9, however the performance gap is very minutes and
negligible. More degradation in Pr4 is expected when the self-interference factor

is increased from k = 0.9 to £ = 0.1 where sever interference can be expected.
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Figure 6.21: Probability of false alarm of time slotted and non-time slotted full-
duplex cognitive radio without self-interference
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Figure 6.22: Probability of false alarm of time slotted and non-time slotted full-
duplex cognitive radio with and without interference
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Figure 6.23: Average throughput of saturated full-duplex cognitive radio

Figure 6.23 shows the PU throughput as a function of channel utilisation for
time slotted and non-time slotted FDC-CR. It can be seen that the throughput of
time-slotted CR is higher than the throughput of non-time slotted CR. Moreover,
the throughput of the PU decreases when the number of samples for which SU

remains inactive increases.

6.12 Summary

OFDM is ubiquitous in many of the today’s and legacy digital wireless commu-
nication systems. Therefore, OFDM has been taken into consideration for the
throughout analysis of the cognitive radio enable SU. OFDM uses orthogonal
subcarrier which are summed together before transmission over the channel this
process gives rise to increased peak-to-average power ratio which degrades the
performance of the receiver because it derives the RF amplifier of the receiver
into saturation which results in signal clipping. Therefore, PAPR of MQAM and
MPSK modulated NC-OFDM system is addressed by deriving the expressions for
upper and lower bounds on PAPR. Additionally, sensing-throughput tradeoff is
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studied for OFDM-based cognitive radio in fading fading environment in line with
sensing-throughput discussions in previous chapters. After this autocorrelation
based sensing of CP-OFDM signal is discussed and receiver operating character-
istic curves are used to assess the performance of various standards for example
DVB-T, WLAN and LTE-A. It’s observed that for a given SNR value WLAN
outperforms other two standards. Following this problem of reactivation failure
in FDC-SS cognitive radio using HDC-SS is introduced. FDC-SS uses two an-
tennas to perform simultaneous sensing and data transmission which results in
self-interference between two colocated antennas. The performance of FDC-CR
with FDC-SS is assessed with the help of probability of false alarm and probabil-
ity of detection after discussing the system model and including the test-statistic
expression. It’s shown that with minimal self-interference the throughput of the
FDC-CR with HDC-SS is higher than the throughput for HDC-CR. using HDC-SS
because the former gets increased data transmission time whereas the data trans-
mission time is reduced for later because it performs spectrum sensing and data

transmission with same antennas at different times.
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

Cognitive Radio is used to increase the under-utilised band efficiently in time-
frequency and space. Underutilised bands are known as white space bands which
can arise in every well-known band because of the changing user patterns. Digital
dividend has given rise to generation of white space specially in VHF /UHF band
which are known as TV white spaces. This part of the band gives favourable prop-
agation and reasonably high capacity for deployment of the prospective cognitive
radio network by ensuring maximum protection to incumbent users. Considering
the maximum throughput requirement of SU and maximum protection of PU var-
ious aspects and strategies that are optimal for the roll-over of secondary CRN
are used. For example one of the challenge is to find out optimal sensing time
for maximising the throughput, and increasing the detection probability for given
sensing time. Since the PU or SU signals are largely OFDM based with certain
baseband and passband modulation, therefore the OFDM based system is used
and the work on sensing-throughout is extended for OFDM modulated signals.
Energy-detection scheme has been considered at the receiver because of its well-
established literature and its cost-effectiveness and its inherent property of detect-
ing signals without having complete knowledge of the PU signals. Detection of the
signals is also considered using autocorrelation based sensing of CP-OFDM signals
for WLAN and different TV standards for DVB-T, DAB-T etc using half-duplex
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spectrum sensing scheme. Finally, this work has been concluded with full-duplex
communication CR which senses and transmits at the same time, thereby increas-
ing the transmission period for SU and increasing the detection of PU signals but

subject to tolerable self-interference.

7.2 Full-duplex Green Cognitive Radio

Full-Duplex CR is the one which uses two collocated antennas for transmission and
reception purpose on same frequency and same time. Therefore, such colocation
of antennas create self-interference. It’s well-known fact that the self-interference
can be perfectly removed but can cancel it to some extent. An efficient Full-duplex
green cognitive radio can be studied to cater the high demand for green wireless

communication systems.

7.3 Multi-parameter Cognitive Radio

System capacity can be increased by deploying relays, femtocells, and massive
MIMO and bandwidth-efficiency and energy-efficiency can be increased via green
cognitive radio. Concept of full cognitive radio was proposed by Mitola[53], how-
ever it still remains at conceptual level. It’s therefore necessary to incorporate
various parameters that depict network status. For example transmit power-level,
modulation type, constellation size, bandwidth efficiency, channel coding, code
rate, network topology, and communication protocol strategies. Multi-parameter
cognitive radio can gal into two categories cognitive radio with known statistics
or cognitive radio with unknown statistics before cognition. CR with know statis-
tics (noise statistics and interference level) before cognition solves multi-parameter
problem with signal processing only. Till this day various machine learning algo-
rithms have been proposed for parameter cognition in CR. For example in [54]
support vector machine (SVM) based spectrum sensing engine was designed. Sim-
ilarly, in [55] reinforced learning was used to reduce sensing overhead by releasing
network congestion. Parameter prediction can also be done by learning traffic

characteristics of PU by using neural network[56]. In [57][58][59] problem of mod-
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ulation recognition and classification has been addressed using ML-based methods,

statistical pattern-recognition based methods and over fading channels.

7.4 Cognitive Pilot-Channel LTE-CR

Cognitive radio has drawn a lot of attention for deployment in cellular network for
example in LTE. One application of CR is dynamic spectrum access in multi-radio-
access-technology (Multi-RAT) heterogenous networks as given in IEEE 1900.4
[60] and is included in ETSI’s end-to-end efficiency (E3) project. LTE has been
considered for use in unlicensed 5GHz and TVWS known as LTE-CR [61][62][63].
Cognitive Pilot-Channel (CPC) based network access is promising scheme for LTE-
CR. LTE-CR should work on harnessed spectrum and the licensed band. Various
network access schemes have been proposed in IEEE 802.22 and IEEE 1900.4
system and are classified sensing-based (without pilot) and pilot-based schemes.
Sensing-based schemes are more spectral efficient than pilot-based schemes. In
pilot-based sensing CR listens to pilot channel to gain network information. Pi-
lot channel based scheme is fast and energy-efficient compared to sensing-based
network access scheme. TVWS IEEE 802.22 standard works between 54MHZ and
862MHz using sensing-based scheme. However, IEEE 1900.4 system uses DSA for
multi-RAT and scans a large band from 450MHz to 3GHz. Thus time and energy-
consuming sensing-based network access is not preferred instead pilot-based net-
work access should be used. In LTE-CR cognitive spectrum includes TVWS, ISM
band, UNII band and spectrum used by GSM, WCDMA, and LTE[64][65][66][67].
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Appendix A

A

A.1 Proof of py = (( Ic )( o0 ))

Te+Ty/) \S02+02,

The received signal in multipath fading under the alternative or noise plus signal

hypothesis can be given by:

x(t) = s(t) * h(t) +w(t)

P-1
=D hl)s(t = 1) + w(t) (A.1)
1=0
= y(t) + w(t)
Where y(t) = ;:01 h(l)s(t — l) and for independent signal s(t) and channel

taps h(l):

{PZ H}
:PZ [s(t—1)] =0

Now, by extending the same concept of signal s(¢) and channel taps indepen-
dence h(l) for E[s(t)s*(t + Ty)] = (T./(T. + Ty)), it can be written:
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=0 =0

= (S0 (S )

- E[h(l)s(t — D)h*(i)s™(t + Ty — )]
1=0 i=0 (A'?’)

= E[h()h* (D)]E[s(t — 1)s™(t + Ty — 1)]

Where § = 321  E[|h(1)|?] and again using the independence of signal s(t) and
channel taps h(l) for E[s(t)s*(¢)]:

Efy(t) =K (Zh t—z)x(zh(z)s (t—Z))]
= S S ER®st — @)t ) "
= 3 BIROA ()JEIs(t ~ )s*(¢ — )
=602

For uncorrelated noise samples w(t;) and w(t;) for t; # to and independent y(t)

and w(t) it can expressed mathematically as:

Ela(t)a*(t + Ta) | Ha] = E[(y(t) + w(t)) (y't + Ta) + w* (t + Ta))]
= Ely(t)y"(t + Tu)] (A.5)

T
= §o? =
7 (TC"‘Td)
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Similarly, it can be written for E[z(¢)z*(t):

Elz(t)z" () Ha] = E[(y(t) +w(®))(y"(t) + w"(1))]
=E[y(t)y"(8)] + E[w(t)w(t)] (A.6)
=602+ 02

Substituting A.5 and A.6 in autocorrelation coefficient in multipath scenario

p2 it can be written as:

_ Ex(t)x*(t -+ Td)|H1
P2 = TR () (0] [H

B T. deltac?
C\T.+Ty) \ 602+ 02

(A7)
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Appendix B

B

B.1 PicoSDR Configuration Steps

Figures B.1 and B.2 represent the Nutaq’s perseus blocks with FPGA token and

perseus only examples respectively as loaded in Simulink library.

| Simulink Library Browser l =)

O &  » Entersearchterm -

Libraries Library: Nutaq Perseus 60 1x BlockseUFPGAIONboard | Search Resuls: (none) | _Host Frequenty Used Blocks
Continuous. B »
Discartnuties {I} cusomregiser R

Logic and Bit Operations
ModeHWide Utiities
Sinks

1+ Addional Wath & Discrete
. 19 Communicatons System Toolox
W Computer Vision System Toolox
W Cortrol ystem Toohox
1498 0SP System Toolbox
188 £DA simutor Lk
- B Embedded Coder
88 Fuzzy Loge Tookox
¥ image Acquistion Toolbox
89 nstument ConrolTobox
W Hodel Predicive ControlToobox
W Neursl Network Tookoox
- B8 Nutaq Perseus 601x Blociset

$-Add.on hardware modues
- Hiscelancous tooks
L-onboara
-Simulnk
$-Add.on hardware modues
i-Hiscelancous tooks
L-onboara
B Robust ControlToalbox
8 simscape
- §8 Sinulnk 30 Aninaton |
88 Simuink Coder
- B Simuiink Control Design
® Simuink Cesign Optmizaton
W Simuink Extras
B Simuink Verification and Valdation

W sufor \

W Systemidenticaton Taobox
0 i Biociset

Showing: Nutaq Perseus 801 BlockselFPGA/Onboard

Figure B.1: Nutaq’s Perseus 601x Blockset and FPGA board configuration
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urora
Uses: Simulink [ Model

TS Mestor GPIO

Uses: Simulink [ Model
e
Mestor RTDEx
Uses: Simulink [ Model
~++ Record and playback on Gigabit Ethemst 5
T BB Uses: Simulin [ Model
2 Record and playback on PCI Express ;
= (B8 Uses: Simulink [ Mode!
~ ™ —.. Ridex Host to Perseus on Gigabit Ethemst
= Uses: Simulink ) Model

T — .. Ridsx Host to Perseus on PCI Exprass
ses: Simulink [ Mode!

- Ridex Perseus to Parseus on Gigabit Ethemet ”
= Uses: Simulink [ Mode!

Ridex Perseus to Perseus on PCI Express

= Uses: Simulink ] Model

Figure B.2: A set of perseus only examples as loaded on MATLAB 2011b

Following figures show the sequence of very important steps where each sub-
sequent figure differs by one step leading to the final set up of configuring the Pi-
coSDR device for high definition video transmission between host and the PicoSDR
Figure B.3 shows the complete OFDM communications system with QAM-64 mod-
ulation and Fig. B.4 shows configuration of the putty communication software.
Figure B.5 shows the advance design platform (ADP) command line interface used
to connect with perseus board with static IP address 192.168.0.101. Figure B.6
shows the complete path for launching OFDM model and Fig. B.7 shows the com-
plete screen capture of the setup showing two putty configurations, ADP CLI and

another CLI which shows the progress of video transmission.
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Figure B.3: Complete QAM-64 OFDM Transceiver in Simulink
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