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1. Introduction

For all sorts of telecommunication systems, in order to properly transmit the information,
the signal has to be amplified to cope with the channel impairments and attenuations. Hence
Power Amplifier (PA) is a vital element in a telecommunication system transmission chain.
However, PA is still hard to design because of the key factors related to its performance
which include the emitted mask power, battery consumption (linked to power amplifier
efficiency), the channel propagation attenuation (linked to power amplifier gain), and the
carrier-to-intermodulation ratio requirements (linked to power amplifier linearity). The
design problem of PA is exacerbated due to the conflicting parameters of linearity and
efficiency: the efficiency is the maximum near the saturation point, the point where non-
linear effects are most severe.

In parallel to the PA non-linearity problem, the ever-increasing demands of high data rate
transmission, bandwidth improvement, and the greater spectral efficiency have resulted in
the migration of modulation schemes from single carrier to multi carrier. This trend has
increased the signal power fluctuations by a great extent, a feature generally characterized
by the term Peak-to-Average Power Ratio (PAPR). Consequently the efficient power
amplification of multi carrier signals in the absence of any special processing induces severe
impairments, the well known non-linear distortions. Hence turns up the problem of efficient
power amplification of large envelope signals.

This chapter will discuss this problem in the context of Cognitive Radio (CR) systems.
Software Radio (SWR), being the enabling technology of CR systems, inherits very high
PAPR because of the multi-carrier nature of its signals. Moreover, as a consequence of
Dynamic Spectrum Access (DSA), this high PAPR will be modified in real time. We will
highlight the importance of this phenomenon and propose how to deal with this new
situation. We explain how the PAPR could be considered as a sensor in the Cognitive Radio
context during DSA process. Then we will propose and explain a frequency view of this
sensor metric which could be of great interest to visualize the problem of PAPR
modifications over DSA.
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2. A brief historical note on the problem

PA has been considered as a very important transmitter component since long. So as the
problem of PA non linear distortion is not new and has been extensively studied in past for
different communication systems. For example,
e For satellite transmission, Traveling Wave Tube (TWT) amplifier is used and its
non linear problems are discussed during 80’s and 90’s (Bremenson et al., 1980,
Steck & Pham, 1987).
e For multi carriers systems the problem is studied extensively during 90’s and
2000’s (Han & Lee, 2005).
e Recently, for SWR system a European project, TRUST, highlights this issue
(Macleod et al., 2000).
e Also, for Multiple-Input Multiple-Output (MIMO) systems the problem of PA non
linearity is discussed (Lee et al., 2005, Tam et al., 2005).

This chapter deals with the PA non linearity problem in the context of CR systems where
DSA can enhance this non linearity issue.

3. High Power Amplifier Characteristics

There exist several non-linear devices in a telecommunication transmission chain like Digital
to Analog (DAC) converters, High Power Amplifiers (HPA). Transmitters employ HPA in
order to send signals in the free space with sufficient power to counter channel fading. HPA
being a non linear device causes in and out of band distortions, inter modulations and
consequently Bit Error Rate (BER) degradation when operated in the non linear region. The
obvious solution would be to “back off” the signal to get it operated in the linear amplifier
region but this is accompanied by considerable PA efficiency penalty. Low PA efficiency
means increased battery consumption which is an important issue especially for handset
terminals. The other solution would be the linearization of the amplifier which faces
amplifier design constraints problem (Kenington, 2000). Below we present HPA
characteristics to highlight the non linearity issue.

3.1 Non linear gain characteristics

Mainly two types of HPAs are used in communications systems, Travelling Waves Tube
mainly for satellite transmission and Solid State Power Amplifier (SSPA) commonly used in
terrestrial transmissions and particularly in cellular systems for the handsets. Both the types
of HPA present input and output amplitude and phase non-linear characteristics. The
classical gain characteristics of SSPA and TWTA (TWT Amplifier) amplifiers are illustrated
in the following curves:
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Fig. 1. Amplitude and Phase characteristics of an SSPA power amplifier
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Fig. 2. Amplitude and Phase characteristics of a TWTA power amplifier

The relation between amplifier input and output amplitude is represented by Amplitude
/Amplitude (AM/AM) curve while Amplitude/Phase (AM/PM) curve describes the phase
shift with the input variation. The AM/AM curve can be divided into three regions.
* Linear Zone: In this zone, HPA has approximately a linear behaviour i-e the output
power is proportional to the input power. This proportionality is the gain of the
amplifier without any degradation of the signal at output.

* Compression Zone: In this zone the proportionality between the input power and
the output power no longer exists and signals perturbations appear. One very
important point in this region is 1 dB compression point which is the point at
which there is 1 dB difference between ideal gain curve and practical gain curve.

*  Saturation Zone: In this zone the output power is quasi constant i-e output power
is saturated denoted by Psat.
It could be seen in Fig. 1 and Fig. 2 that AM/AM curves for the two types of HPAs are
almost similar. But the AM/PM curves are quite different as in the case of SSPA, the phase
curve is almost constant during the linear region but varies a lot for TWTA in the same
region.

3.2 Efficiency characteristics

Power amplifier needs a dc source to amplify the signal. This dc value is associated to the
efficiency of the amplifier. Figure.3 shows a simplified budget of the different powers
associated to power amplifier.
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Fig. 3. Simplified power budget diagram of a power amplifier.

The power consumption budget is given by:

Pin + Pd(' = P{)ul + Pdi.\'s
Power amplifier efficiency is the ratio between the output power and the source (dc) power.
This is an important parameter as it is related to amplifier consumption which itself would

be a great challenge for future communication systems. PA efficiency is given by,

out

P

dc

77:

There is another efficiency definition, power-added efficiency, which takes into account the
input power and is given by,
P

out in

M addea = P

de

3.3 Input and Output back-off

To nullify or reduce the non-linear effects, the operating point of power amplifier is backed-
off. The amount of input and output back-off from 1 dB compression point or saturation
point is called Input Back Off (IBO) and Output Back Off (OBO) respectively.

Let P;; be the signal mean input power, Py mean output power, Pg;ou Saturation output
power and Pgyin the corresponding input power as shown in Fig. 4. The IBO and OBO
would then defined as,

(dBm) - P, (dBm)

sat,in

P
130:% or IBO(dB)=P.

P' it out
OBO =—* or OBO(dB)=P

sat ,out

(dBm) — F,, (dBm)

out

IBO and OBO can also be defined in terms of Pyu;148 and Pjy1ap (Kenington, 2000) where
Pout 148 is the output power at 1 dB compression point and Pi,14p is the corresponding input
power.

in,

P
IBO= P—”” or IBO(dB)=P,,, (dBm)— P, (dBm)

1,1dB (dBm) — P, (dBm)

ot

Ru/l 1dB
OBO=—%% " or OBO(dB)=P.

out
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Fig. 4. Different power levels on the PA gain curve.

3.4 Carrier to Intermodulation (C/l) ratio

It is the ratio of useful carrier power level to intermodulation products power level.
Normally this term is used to describe intermodulation effects in narrow band systems.
C/I, is the C/I ratio of useful power to the intermodulation product of order n.

3.5 Interception point

The n-order intercept point relates nonlinear products caused by the nth order term in the
nonlinearity to the linearly amplified signal. Generally 3rd order intercept point is used to
relate intermodulation products to input signal. Fig. 5 depicts the Interception point
concept.
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Fig. 5. Third order interception point

3.6 Memory effect
With the rapid growth of communication systems, the future systems are supposed to
operate on a very large bandwidth. And HPA characteristics should be frequency
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independent otherwise the performance of the amplifier shall be affected by the frequency
of the signals being amplified (Soury & Ngoya, 2005). When HPA performance is dependent
on frequency it is said to have ‘memory’. Memory effects of an amplifier have a very
important impact on the overall performances of the HPA and should not be neglected for
future systems.

3.7 HPA modeling
There are several HPA models presented in literature with and without memory effect
considerations. Below we shall very briefly discuss some HPA models.

3.7.1 HPA modeling without memory effect

S(0) =|S(0)]e’ ) s(t) =[S(0)| cos(a,t + . (1)) = Re{S (1)} the

For an input signal with
transmitted signal, the output signal is given by:
(1) = A(S@)|)cos(@,1 + o, () + (S )]))

4

s())

where A(IS(t)D is relative to the AM/AM transfer function and CD(I is relative to the

Alsw))

AM/PM transfer function. For an ideal linear amplifier

o(s(1)) [s@)|

is constant as well as phase

independent of the input power

The most commonly used model, mainly for TWTA was the Saleh model (Kenington, 2000)
with,

vIS(?)
adsop -—EOL
EYANG
a,|S()
G L
and 1+ B[S @) ,
AL
whereV is the small signal gain and ‘/’87" is the input saturation power . The maximum
%
D =t
phase shift is Pe .
Rapp model is commonly used for SSPA in transmission systems (Kenington, 2000) with
vIS(t)
adsaop -—0L__
2p | 2p
. NG
AO
ING)EAU
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where b =5 is the output saturation value, p is an integer. When p becomes large the
AM/AM curve approaches the ideal transformation known as ‘soft limiter’, i-e

A(S@)) =v|S®)| for 05 |S(0)| < 4 and A(|S())) = vA; for s < |S() .

3.7.2 HPA modeling with memory effect

In practice, AM/AM and AM/PM curves are different as function of the frequency. This
phenomenon should be taken into account in wideband application such as SWR. Models
which take into account this frequency parameter are called models with memory. There are
several models like Saleh, Bosch, Blum and Meghdadi (Kenington, 2000) which consider
memory effect. Only Saleh model is presented here to give an idea.

'Bp’aq’ﬂq

Saleh model is given by the following 4 coefficients %
Saleh and illustrated by the Fig. 6.

H,(f)=yB,(f) and H (f)=B,(f)

, with the rules proposed by

a, (f)4 a, (A
P(A) = —2 27" A=
) 1+ (A o 1+ 8, ()4’
a,(f) a,(f)

and G, (f)=

G,(NH= —
VB, () BB, ()

B 5 W gry W IS LOA

200 (D) —1Q(A)—{Gg(f)

Fig. 6. Saleh model with memory effect.

4. Envelope characteristics of multi-carrier signals

There are two types of signals with respect to signal carrier frequency. First type is that of
single carrier signals where the data is transferred on a single carrier frequency like in
Global System for Mobile communications (GSM) where each user’s data is transmitted on a
particular frequency. Second type is that of multi-carrier signals where the data is
transmitted over many carrier frequencies like in Orthogonal Frequency Division
Multiplexing (OFDM) where the information is modulated on several carriers. The envelope
characteristics of single carrier and multi-carrier signals are different from each other and in
this part we shall highlight these differences.
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4.1 Single carrier signals

In single carrier communication like the transmission of a Quadrature Phase Shift Keying
(QPSK) or Gaussian Minimum Shift Keying (GMSK) modulated data, the information is
transmitted over a single carrier frequency. Thus the power fluctuations of this signal
depend upon the constellation scheme and shaping filter characteristics. For example in case
of amplitude modulations like Quadrature Amplitude Modulation (QAM), more power
fluctuations should be observed compared to those of phase modulations like QPSK as
maximum and mean power of the symbols is the same in case of phase modulation. Also the
characteristics of the shaping filter affect the signal envelope, as in case of Root Raised
Cosine (RRC) filter, the envelope varies with the change in filter's roll-off factor. Fig. 7 shows
the power fluctuations of QPSK modulated single carrier signal with roll-off factor of 0.22.
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Fig. 7. Power fluctuations in single carrier signals (QPSK modulation, roll-off=0.22).

4.2 Multi-carrier signals

4.2.1 OFDM signals
In case of multi carrier communication like OFDM, a large number of sub carriers are added
simultaneously to make a multi carrier signal. For example an OFDM symbol containing N

sub carriers would be formed as,
+oa N-—1

Sty= D7 D Cruglt = 1) ™",
d=—o0c k=0 (1)

.
where 9(-) is the rectangular pulse of duration T-"?, Clik represents the complex information

A— Lh b
symbol of carrier R with o=7 of 7" OFDM symbol . For any " OFDM symbol, the

baseband signal 5 () is given by,
N—1

Sit) = Z gt — 1Ts)Cppe® e,
k=0 (2)
or,
N1 |
Sit) = Crpe® ™t € 115, (1 + 1)Ts].
=0 (3)

According to the central limit theorem, when a large number of independent and identically
distributed (i.i.d) random variables are added simultaneously, their distribution becomes
Gaussian which means that there is a big gap between mean and maximum values. As
OFDM signal can be treated like a summation of many iid random variables, its
distribution tends to be Gaussian following the central limit theorem which results in high
power fluctuations as shown in Fig. 8.
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Fig. 8. Power fluctuations in multi carrier signals (N=64, QPSK Mapping).

4.2.2 Software Radio signals
SWR can be defined as a system able of modulating and demodulating any kind of signal,
any time anywhere, on any network (Fasbender et al., 1999). Consequently any SWR signal
#(t) s a composite signal given by,

<

e(ty = 378,00,
i=1 (4)

where S is the number of standards contained in the composite SWR signal and Si

ath 'r
represents the *  standard. Each signal Si(t) associated to a given standard of Pi carriers
can be expressed as,

Py
Sit) = > _rin(t)e’ I,

p=1
where 7i.n(?) represents the modulated and filtered signal associated to carrier p of the
standard i. In this case, rip(t) = f e”"i(t)*m"-m((’(t)), where ™Min(c(t)) represents the

modulation relative to the carrier p and standard * and f€m (?) is the shaping filter function

of standard *. Using the two aforementioned equations, a multi-standard signal can be
written as,
s P
x(t) = Z Z(f{'mT(T) w1 p(c(t))e” et
=1 p=1 (5)
As it could be seen that SWR signal is a multi-carrier signal and due to this property it
demonstrates high signal fluctuations.

4.3 Peak to Average Power Ratio (PAPR)

As discussed previously that HPA is a non-linear device and to operate it in the high
efficiency zone, the power fluctuations of the signal should be minimized otherwise non
linear distortions would occur. These power fluctuations are described by various terms in
literature but most common of all is PAPR (Peak to Average Power Ratio). It is defined as
the ratio between maximum instantaneous power and mean instantaneous power. For a
complex base band signal, s(t) = sr(t) + SQ(t), PAPR would be defined as,

max |s(£)]?

PAPR{s(t)} = — .
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For Radio Frequency (RF) signal with fo=1%z being the carrier frequency. The PAPR is
defined as,

max |Re(s(t)e?*0t)|?

PAPR{s(t)} = -

Tlim T fn'; |Re(s(t)erwot)|2dt
— 0

)

The relation between base band signal PAPR, PAPRg B, and RF signal PAPR, PAPRy ¥ is
given by (Tellado-Mourelo, 1999),

PAPR ;1 dB =~ PAPRiui dB + 3 dB. 8)
All in all, PAPR is the term which demonstrates the variations in the peak of the signal
power with respect to its mean power.

4.4 Equivalence between OFDM and SWR signals

SWR and OFDM both are multi-carrier signals and we shall try to make analogies between
these two types of signals. First analytical equivalence is demonstrated and then PAPR
distribution is discussed.

4.4.1 Analytical equivalence
If the carrier interspacing is constant for all standards, SWR signal will become a

multicarrier signal, given by,
s P
.r(t) — Z z Fip (t)GZiF((p—lJAp}f.

=1 p=1 (9)
where &7 is the carrier interspacing which is supposed to be constant for all standards.
Generally speaking, this condition cannot be verified because the distance between carriers
is different from one standard to the other (Roland & Palicot, 2002). It varies from 25 kHz for
Personal Digital Cellular (PDC) to 50 MHz for Hiperlan. When SWR signal contains more
than one standard, it cannot be a “typical” multicarrier signal. Therefore we cannot make any
connection between an OFDM signal and a multi-standard SWR signal.
We suppose now a mono standard SWR signal. By definition then,

P;
g (10)
which is equivalent to

P
Si(t) = Zr.;,p(f)eziﬂ(p_l)&p”,-i =1.
p=1 (11)
From an analytical point of view, Eq. 11 is formulated in the same way as equation Eq. 2
models an OFDM signal. In all other cases, an OFDM signal remains a particular case of a
SWR signal.

4.4.2 Gaussian Equivalence between OFDM and SWR Signals
OFDM PAPR distribution has been discussed a lot in literature. (Ochiai & Imai, 2001) deals
with PAPR distribution for OFDM signals and gives some Complementary Cumulative

www.intechopen.com



Power Amplification issues related to
Dynamic Spectrum Access in the Cognitive Radio Systems 327

Distribution Function (CCDF) upper bounds. With large oversampling factors (continuous

signals) and knowing the fact that there is approximately 3 dB PAPR increase due to Radio
Frequency (RF) transposition, PAPR CCDF for RF OFDM continuous signals is
approximated by,

PriPAPR > PAPRy| w1 — ¢~V ENVPAPRoe IATT 12)

Below we prove that OFDM PAPR CCDF is similar to PAPR CCDF for multi standard SWR
signals.

PAPR analysis of a multi standard SWR signal containing OFDM, MC-GMSK and
MC-QPSK signal, is considered. General specifications used for each standard are same i.e.

N =64 carriers /subcarriers and 107 symbols. This analysis is done in RF conditions and is
depicted in Fig. 9. First, it can be shown that all standards have almost similar PAPR CCDF,
confirming Gaussian equivalence. Secondly, from a statistical point of view, as SWR signal
is generated by the combination of these standards, PAPR CCDF of a SWR signal also
demonstrates Gaussian distribution. In conclusion, any multiplex of carriers or standards,
exhibits Gaussian distribution, independent of the modulation techniques and the carrier
frequencies. From a PAPR point of view, SWR and OFDM show similar behaviors.
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Fig. 9. PAPR distribution of a SWR signal with MC-GMSK, MC-QPSK and OFDM

modulated standards in RF.

5. High Power Amplification of multi-carrier signals

As discussed previously that multi-carrier signals have high power fluctuations and these
fluctuations can cause interference when the signal is amplified by HPA. We shall see some
of the interference types produced on non-linear amplification.

5.1 Non linear characteristics
We can approximate any non linear amplifier f(.) by a polynomial function :
f()y=ao+ a1z +ax” + ...+ apa”
For an OFDM signal s(t) defined in Eq. 2, the output of power amplifier would be,
y = f(s(t)) = ao + ars(t) + as(s(t)” + ... + an(s(t))"
All the aforementioned terms generate components whose frequencies F; are of the form,
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N1
F, = Z m fi
i=0 (13)
. . . Z\ [7r24
Fs is called intermodulation product of order =1 11
values.

where i are arbitrary integer

Some of the Fs frequencies fall in the useful band resulting in BER degradation while the rest
fall out of the useful band causing spectrum re-growth. Some terms are defined below to
better understand the intermodulation concept.

5.1.1 Adjacent Channel Power Ratio (ACPR)
In wideband systems, ACPR is used instead of C/I. ACPR is the ratio of signal power inside
the useful band to the adjacent channel power.

fﬂﬁ#

ACPRgp =10-log—-
[ perrar + [0 perrar
/3 s
The different frequency positions are described in Fig.10. In (Ragusa et al., 2005), ACPR
definition for multi carrier OFDM signal is given as,

a3 AN(3/8) Nl

ACPR = (a?__.)\-’/g: :

where %3 and #1 are third and first intermoq\glation product coefficients,

A s the normalized

amplitude of the multi carrier signal, is the number of OFDM subcarriers and

N—i)(N—i+1
u = Wi

Fig. 10. Spectrum distortion after power amplification

5.1.2 EVM and MER ratios

In OFDM systems, Error Vector Magnitude (EVM) and Modulation Error Rate (MER) are
the terms used to define the distortion caused by HPA in frequency and time domain
respectively.
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Fig. 11. MER and EVM graphical illustrations
EVM represents the influence of HPA on constellation symbols while MER describes the
influence of HPA on time domain signal.

5.2 Solution to avoid HPA non-linearity

To amplify the signal at high efficiency, it needs to be driven near the saturation point.
Consequently the signal should have low PAPR in order to not enter the saturation zone.
Thus there was need of PAPR reduction methods and a huge number of methods have been
developed since 15 years to reduce multi-carrier signal PAPR. The main reason is the
success of multi-carrier modulations like OFDM as modulation and multiple access
techniques in many communication standards like Digital Audio Broadcasting (DAB),
Digital Video Broadcasting (DVB), Asymmetric Digital Subscriber Line (ADSL), and
Wireless MAX (WiMAX) etc. A high PAPR being the drawback of OFDM, extensive
research has been carried out to resolve this issue. Historically, the signal used to be backed-
off and transmitted at low efficiency without PAPR reduction but with the development of
technology and emerging of the new standards, battery consumption has gained a lot of
attention and in turns PAPR reduction.

. e — — Large efficiency

P power amplifier ~ . zone
out efficiency Pout 1 ’:
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] efficiency
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e
B — ——
i power fluctuations drop
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reduction é BO reduction
_,__———‘:::

Fig. 12. High efficiency PA operation demands reduction in PAPR.

5.3 Classification of PAPR reduction methods

A classification of PAPR reduction methods has been proposed in (Louét & Palicot, 2008). It
mainly concerns OFDM PAPR reduction but some methods can be applied to any
modulation scheme. The idea behind this classification is to gather the methods with similar
characteristics into clusters and facilitate the selection of PAPR reduction method depending
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upon system requirements. There are different criteria to differentiate between existing
PAPR reduction methods. Few of them are outlined below:
- Downward compatibility (DC): A method is called downward compatible if it does not
imply any receiver change. When downward compatible, the PAPR reduction is
implemented only at the transmitter meaning that the input data is manipulated to generate
low PAPR. In that case BER needs to be investigated. Thus we have two subclasses when the
method is downward compatible.

o  Cluster 1: DC without BER degradation (e-g Active Constellation Extension)

o  Cluster 2 : DC with BER degradation (e-g Clipping, Peak windowing)
-If there is no DC, PAPR reduction method is implemented on both transmitter and receiver
(the function and its “inverse”) and theoretically BER remains unchanged. In this case data
rate loss has to be investigated.

o  Cluster 3 : no DC without date rate loss (e-g Pulse shaping, Tone Injection)

o Cluster 4 : no DC with date rate loss degradation (e-g Coding, Tone Reservation,

Partial Transit Sequences)

These are the few examples given to illustrate the classification. The complete tree diagram
of method classification is given in Fig. 13. The classification presented also refers to
linearization methods which do not take into account the PAPR reduction techniques.
As already described that SWR signal is a multiplex of many modulated carriers and
demonstrates a complex Gaussian distribution as OFDM thus its PAPR can be reduced
using the methods developed for OFDM PAPR reduction with appropriate changes.
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Fig. 13. Classification of PAPR reduction methods.

6. Dynamic Spectrum Access (DSA) in the Cognitive Radio context

The term "Cognitive Radio" was first coined by Mitola in 1999 who gave the following
definition of CR (Mitola & Maguire, 1999),

"A radio or system that senses, and is aware of, its operational environment and can
dynamically and autonomously adjust its radio operating parameters accordingly."
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In other words, CR refers to self-aided and self-established reconfigurable communication
system where decisions of reconfiguration are taken with the help of a set of sensors. One of
these sensors is the spectrum sensor which using an opportunistic approach senses any
available bandwidth and thus assists in establishing communication on suitable frequencies
as suggested by Federal Communication Commission (FCC) in (FCC, 2003),

"A radio frequency transmitter/receiver that is designed to intelligently detect whether a
particular segment of the radio spectrum is currently in use, and to jump into (and out of, as
necessary) the temporarily-unused spectrum dynamically, without interfering with the
transmissions of other authorized users."

This FCC definition is given in the context of spectrum allocation and utilization. The reason
of this dynamic spectrum access is the under utilization of radio spectrum. In fact around
90% of spectrum is quiet on average and there is a great need to ‘recover’ the wasted
spectrum resources. There are a lot of ways discussed in literature to ‘recover’ the spectrum
(Zhao & Swami, 2007).

6.1 The inconveniences of spectrum access

In the spectrum access scenario, a CR equipment should be able to access any available
bandwidth in order to fulfill its data needs. Anyhow, this spectrum access in a CR context
makes sense only if the bandwidths proposed by spectrum sensor do not imply any
modification to the CR equipment’s Analog Front End (AFE). AFE consists of elements like
filters, antennas, power amplifiers etc. The design and performance of these AFE
components depend upon temporal and spectral properties of the signal, for example,
antennas are designed for a specific frequency range or amplifier design is input amplitude
dependent etc.

Also spectral characteristics affect temporal signal properties like signal bandwidth and
constellation size relation for a specific data rate demand. Moreover, spectrum access can
result in out of band distortions. This results in decrease of ACPR which degrades system
performance as bit error rate increases.

Concluding, spectrum access can affect CR equipment’s AFE design and also temporal
signal characteristics. As CR should not modify AFE design thus spectrum should be
accessed as to keep signal's temporal and spectral properties within AFE design limits. One
of the AFE's elements, HPA, is of particular interest in this chapter. As HPA is susceptible to
high PAPR signals, spectrum sensor should take into account the PAPR value of the emitted
signal on the available bandwidth to keep the PAPR value under an acceptable level which
does not imply any changes to power amplifier design. Thus the selection of suitable
bandwidth should be made according to some PAPR metrics.

6.2 CR signal and its PAPR

CR uses SWR as its implementation technology. In SWR based-systems, PAPR may be quite
large due to the fact that the transmitted signal is a sum of a large number of modulated
carriers as discussed before. Moreover, a reconfigurable transmitter, Software Defined Radio
(SDR) base station for instance, should be able to amplify single carrier and multi carrier
modulation signals as well as many non-constant envelope modulation signals. Thus CR
signals inherit high PAPR and this factor asks for PAPR information based spectrum access
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decisions. This reason emphasizes the necessity of a frequency domain PAPR approach in a
spectrum access scenario.

6.3 Spectrum access and PAPR problem

In a CR context spectrum access is about finding the free bandwidth within a standard or in
between the standards for communication using an opportunistic approach as shown in Fig.
14. There are certain parameters which should be kept in mind during spectrum access for
example Quality of Service (QoS), out of band interference etc. Our emphasis in this chapter
is on the influence of spectrum access on PA efficiency.

standard 3

time
Fig. 14. Spectrum access in a multi-standard system scenario.

HPA efficiency curve is shown in Fig. 15 following the context of the discussion here.
Generally it is preferred to operate PA in the maximum efficiency region near saturation
point. But for that signal fluctuations should be kept as small as possible otherwise non-
linearity would occur because of HPA operation in saturation region. Now spectrum access
would definitely modify signal properties namely mean power, bandwidth, amplitude etc.
As the signal fluctuations are modified on spectrum access, the operating point of HPA
needs to be modified also so as to avoid non-linearity. Consider that the signal fluctuations
increase on spectrum access which is generally the case after signal addition to useful band,
one solution can be large IBO labeled as “Solution 1: Large IBO' in Fig. 15. This large IBO
results in the PA operation in less efficient zone which is obviously not recommended. Also,
one needs to add some electronic components for real time operating point modifications
according to signal fluctuations. This hardware implementation not only comes at the cost
of more energy consumption but also it is difficult to realize on the transmitter circuitry.

The solution which we propose, labeled as “Solution 2: Insertion with PAPR constraint' in
Fig. 15, is to insert the added tones respecting the signal fluctuation constraints. If the added
signal does not increase signal fluctuations, high efficiency PA operation is easily possible.
Thus a frequency view of PAPR is highly essential to see the effect of the added signal on
PAPR and to decide whether to insert the signal on some available band or not and if yes
then what should be the characteristics of the added signal like amplitude or constellation
size, bandwidth and position of the added carriers.
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7. Frequency view of PAPR metric

7.1 Frequency Domain Interpretation of PAPR Metric

Since PAPR is varied on spectrum access, its frequency domain interpretation would help in
better understanding of these variations corresponding to the frequency components of
signal (Hussain et al., 2008). To get the frequency vision of the signal, temporal SWR signal
is first sliced into <¥x symbols of N samples each. This process of slicing the temporal signal

is illustrated in Fig. 16. These symbols fill the N rows of table %" in Fig. 17. Then, each row

is processed with N point FFT to get the spectral components of the signal and thus table <

is filled in Fig.17.

messpesapes
_/
;}-- 1]

Fig. 16. Temporal signal slicing for PAPR upper bound calculation.

Note that, ¥ should be large enough to contain all the frequency components in SWR signal.

In Fig. 17, each row in table ‘C7 refers to frequency components Xi(m)li € [J]] present in

temporal SWR symbol ( ) glven by,

Z sjae™ " 0 € [(j -~ NN — 1], € [L, Ns).
(14)

J=

Here [1. N[ and each column is associated to a signal V(™) given by,
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Ng—1 _
i (j Z Chin, ,;s %,k e K,j&e.L
m.=I() (15)
Here & =10.N — 11 A column * is associated to a carrier /* and the idea is to calculate
PAPR column wise and to show that it is similar to PAPR calculated row wise.

L Y U T LITTR] ﬁﬂ"#
‘S' L LT By g VH:'{“!V
-
[T Wi § o P, |
R T g |
s b | " A
[ i | e K;!I‘:

]

e o e o et

Fig. 17. Time and frequency vision of an SWR signal.

This new vision paves the way to a carrier wise analysis of PAPR whose objective is to find a
relation between T4 R (PAPR calculated over time domain table ’S’) and power ratios
PAPRy, calculated on each carrier /& given by,

max [C x| max [C I

'\Lc, Z;\r:sl ‘Cj=£=|2 B Pm.(k)

PAPRy, =
(16)
where P (%) refers to mean power calculated on carrier Ix, By using temporal expression of

the SWR symbols, it can be easily shown that,

Iglecggx(rjled}( |s50%))

PAPRN,(S(n)) =

[Is5.%17] . (17)

i

Using Fourier transform relation,

|S;_;'.,k| Z|C! P /\ J }i;) _} c ]A c K.

(18)
with
. ke )
M. k) = ZC“, ST e et e qkeR.
pl#Ep
As
ax |Cix]? = Pm(k) x PAPR;, ,
max |Cjx (k) < fis (19

the final result would be,
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N

1
< =) Pulk) x PAPRy,
Z}?:]_ Pm(lr\"-)[ RZ_J_ ) X ! )

+max(max(A(j, k)))]-

PAPRy_(S(n))

(20)
In this equation, PAPRx. jg upper bounded by addition of the weighted average of all
PAPRy, metrics and a constant depending on the frequency component correlation. From
now onwards AP B will be termed as A Fiemp to underline temporal PAPR.

7.2 Application of Frequency PAPR definition to SWR signal
A composite SWR signal of multi carrier modulation schemes of two OFDM based

standards was simulated. Standard A was composed of 61 OFDM carriers while Standard B
was composed of 256 OFDM carriers. Standard A transmits with 27 dB less power than
Standard B. This SWR signal was mapped to the mentioned table format where each row of
the table “5 representing time domain SWR symbols. 10° gWR signals of length 1096 \ere
simulated. The table was transformed to frequency domain using 1021 1oint FFT to fill <
of size 4 X 1024 Fig 18 demonstrates the application of Eq. 20 to SWR signal.

ia”

~=PAPR__ ' ' !
i—PFrnmmnr_.-.' FAPA Lippar bound,
16

: : . i : ] |
& [+ i Iﬂ 1a id
1 (i)

Fig. 18. Frequency PAPR calculation for SWR signal.

7.3 PAPR variations on dynamic spectrum access: mathematical developments
A study on the PAPR variation due to spectrum access is carried out and mathematically

formulated. Let AP Rucw be the PAPR after spectrum access. It can be upper bounded by

the sum of initial PAPR of the primary users’ signal before spectrum access PAPR, given
by Eq. 20 and the influence of the secondary users’ signal on PAPR, to be given after
mathematical developments.

Consider the case of a CR signal, where different standards occupy their specific
bandwidths while the free bandwidth is used by the secondary users. Transforming the
temporal CR signal into the frequency domain following the carrier per carrier vision

presented above. Let the signal be divided in to Ns symbols and N pe frequencies of the
whole spectrum. Out of these N frequencies, Np are the primary user frequencies and N be
the frequencies that are used by secondary users. Here the hypothesis is made that the
spectrum occupied by secondary users is very small compared to primary users’ spectral
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occupancy i-e ¥+ <<No and also £m (p) + P (5) = Pm(P) due to the fact that the
secondary signal mean power Pru(s) i negligible compared to primary user mean power
Fm(P) due to spectral mask constraints.

A signal sample 84k can be written as,

N
Si00 = Z Gj’ceﬂﬁkc/i\-’:

o=l (21)

where J € [1, Ns| k€ [0,N — 1] Algo ¢ € [0.N — 1] i5 the number of carriers, i-e size of © is

the sum of V» and ¥+, Now following the above equation
N1

L2 — o f2wke/N |2
I'E’JJ’-| — ‘ E Gj,cf»- | .
o=l (22)
Dividing the carriers in to primary and secondary user carriers,
3 2 = E JiZwkp /N § o A2whs/N |2
|""J',h‘| = | ) Cj,p(/ + Cjzsr: | .
e e (23)

" and © are the index sets of primary and secondary user frequencies respectively.

Here
Now following the inequality which stats that for complex vectors # and h,
la+ 0] < |a] +[0].
and consequently
(la+ )% < (lal + o))" 04)
Thus Eq. 23 becomes,
55.6)7 < (1D Cppe™ PN 4137 TN,

peD fes 25)
and
5617 < | Z Clj,.pf?izwkw'ﬂg + | Z C’_.}-,,,.ff".gw}”/"\r|2
peP sES
+ 2| z C'j_lpem’—‘k"/"\; [ Z Cvj\seiﬂwks/;\u' .
pePr s€S (26)
Let
ik = | Z O pe TRV 2 Z Oy pei 2o/ N |2
peP SES
+ 2‘ Z C‘j,p-‘:’wﬁkp/NH Z C:j“geii_'m‘s-s/.-‘\-' |
pePl sES (27)

Now following Eq. 20,
maxper (max;jcr(Cn))

PAPEN,(S(n)) < L
( (”) Z;.-.:W Pm(‘!‘“') (28)

And thus the above equation can be written as,

PAPR~,(S(n)) < PAPR, + 4. (29)

Here PAPFR5 is the PAPR contribution because of primary user’s carriers i-e,
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maxXye i (Max;e (| ZpeP O et 2mRrIN | 2)y

Soiey Pon(k) ‘ (30)

PAPR, ~

And 9 is the amount of variation in the initial PAPR, PAP Rﬂ, because of dynamic spectrum
access. The factor © can be written as,

§ = 55 + dm-_ (31)
where,
maxper (Maxjes (|2, cq Chse ). 25 Pmis)
~ = PAPR,.
ZL—] m( Z;ﬁeﬁpm(p) (32)

EggS' M (8)
In Eq. 32, the factor re» £ (%) js the ratio of secondary user’s mean power to the primary
user’s mean power which is quite small and that’s why the factor 9+ does not contribute

much to the PAPR variations. Also £AFE= is the secondary user PAPR in frequency
domain, i-e,

PAPR. = maxke i (Max;jer (| Y o g Cise 2Tk [N |2 ))l
zsgg Pm(é) (33)
And
G R ; max 111&x(0| Z Cj.pC JZ‘TJ\J:/\.| |Z C, . ik |m
z}l L Pn{le) RERTIET e sES (34)

Here % is the contribution because of the mutual correlation of the primary and secondary
user carriers. It should be noted that the influence on PAPR due to spectrum access can be
calculated with the help of spectral information of the primary and secondary signal. This
vision facilitates the spectrum access phenomenon in the context of CR by directly relating
the effect on PAPR with the spectral information of signal.

This formulation is applied on aforementioned bi-standard SWR signal. QPSK modulated ! 0
carriers are added on free bands in between these two standards and their effect on PAPR is
demonstrated in Fig. 19.

7.4 Frequency PAPR view benefit

Let us now explain the advantages of using frequency view for PAPR computation over a
temporal PAPR calculation approach in a CR spectrum access scenario. As mentioned
previously that spectrum access influences the transmitted signal properties and
subsequently its PAPR. PAPR of the signal to be amplified i-e signal between Jmin and Jmaa
in Fig. 20 is increased after spectrum access where W is the available free bandwidth and ?
is the allocated bandwidth for secondary user during spectrum access. This increase in
PAPR can cause signal distortion. Therefore, in order to see the effects on PAPR due to the
allocated bandwidth, a classical temporal vision would need constant exchanges between
frequency domain (for bandwidth allocation) and time domain (for PAPR computation) in
order to select a bandwidth which does not increase a lot the PAPR of the signal to be
amplified after spectrum access. This implies a tremendous increase in computational
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complexity. In the PAPR frequency view, the effects on PAPR due to any available band
allocation can be seen in the frequency domain without going back to time domain for
PAPR calculations. Moreover, this spectrum knowledge can be used by other CR sensors
like (Hachemani et al., 2007) uses power spectral density of the signal for blind standard
recognition. Fig. 20 explains that this approach facilitates bandwidth allocation with respect
to PAPR metric in CR context. A two standard SWR signal is depicted with an available
bandwidth W. After slicing of the temporal signal and FFT operation, a table is filled with
signal’s spectral components. Then a suitable bandwidth B is allocated by the CR system
while PAFRtemsp computations are performed staying in the frequency domain during
bandwidth selection procedure.

This frequency vision also helps in PAPR mitigation e-g PAPR reduction by ‘Tone
Reservation” (Tellado-Mourelo, 1999) is about reserving tones in frequency domain to
reduce PAPR for OFDM signals. This process is same as bandwidth allocation. Knowing the
fact that OFDM and SWR signals show similar characteristics (Hussain & Louét, 2008) and
carrier per carrier vision facilitates bandwidth allocation, OFDM PAPR mitigation methods
can easily be applied to SWR signals.
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Fig. 19. Upper bound is modified after spectrum access
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Fig. 20. Illustration of PAPR computation with a two standards SWR signal and an allocated
bandwidth B.
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8. Conclusion

This chapter explores the non linearity issues in SWR based CR systems in the spectrum
access scenario by exploiting the frequency vision of PAPR. The importance of this issue can
be estimated by a simple fact that reduced PAPR would result in higher PA efficiency and in
turns reduced energy consumption which is closely related to ‘Green communication’
concept (ICC, 2009). Also the problem is addressed at the receiver end on Low Noise
Amplifier (LNA) (Marshall, 2009). High PAPR being a major problem in multi carrier
communications and CR signal being a multi carrier signal suffers the same problem.
Spectrum access in the CR context is about using the free spectrum under certain constraints
like QoS maintenance of the primary users. Another constraint for spectrum access is
discussed in this chapter which is PAPR as high PAPR affects transmitter specifications. A
carrier per carrier vision approach is presented which associates PAPR with spectrum. This
spectral knowledge based PAPR definition helps in spectrum access by providing PAPR
information about available bandwidths. An upper bound is given for PAPR after spectrum
access which is based on the spectral knowledge of primary and secondary users. The
process of spectrum access under PAPR metric constraint is facilitated with this frequency
PAPR vision.
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