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In this work, the impact of non linear distortion due to High Power Amplifier (HPA) on the

performance of Orthogonal Frequency Division Multiplexing (OFDM) based wireless system

has been analyzed for both coded and uncoded system when Link Adaptation (LA) is used.

LA maximizes the throughput while maintaining a certain QoS constraint. It is found that

when OFDM signal with high PAPR suffers non linear distortion due to non ideal HPA,

LA fails to meet the target Block Error Rate (BLER). Detailed analysis of the distortion

and effects on Link Adaptation is presented in this work. Difference in the effect on the

performance of uncoded and FEC coded systems is also described. It is shown in this work

that the Adaptive Modulation and Coding (AMC) threshold for switching modulation and

coding rates must be updated to make the LA system satisfy the target BLER constraint. It

is also shown that the impairment has severe impact on uncoded system while it is reduced

in coded systems.
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Chapter 1

Introduction

1.1 Background

Wireless communication has gained momentum during past one and a half decade with

invention of digital cellular system. Initially the focus of the wireless system was to en-

able voice communication and therefore data rate requirement was quite low. With the

emergence of mobile multimedia service based on 3G and beyond technologies, there is

a tremendous growth in demand of wireless services that contains more than just voice

data [1][2]. Thus recent and future generation of wireless communication system is charac-

terized by variety of application ranging from low rate voice data to very high rate real time

streaming video data. There exists a strong trend of shifting towards all in one service,

i.e. one system supporting many of the applications. Applications includes e-mail, web

browsing, video conferencing, internet telephony, multimedia video streaming, IP TV etc.

A significant growth of non-realtime file sharing applications through mobile system has

also been found. To support seamless communication, i.e. any time any where anything

service, a gradually increasing demand of ubiquitous wireless services at very high velocity

is observed in recent days.

All these applications impose different QoS constraint to deliver the service appro-

priately. Some applications like internet telephony requires low delay service whereas web

browsing or file sharing applications can tolerate a certain amount of delay. For applications

like IP TV and video conferencing, both high data rate and low delay service is required.

1



2 Chapter 1. Introduction

OFDM is a special form of multicarrier technique where all the subcarriers are or-

thogonal to each other. OFDM promises higher data rate and great resilience to the the

frequency selective fading at the reasonable cost and complexity in implementation. It is

becoming more and more popular for broadband communication system for its high spectral

efficiency and its capacity to combat multipath fading [3]. With many advantages like these,

OFDM is expected to be the key physical layer technology for almost all future wireless

systems. To further improve the spectral efficiency, LA is employed which adapts power and

bit loading according to the channel condition. In short, LA in conjunction with OFDM

promises to provide a massive improvement in system throughput.

1.2 Motivation

Since available frequency spectrum is very expensive and limited, wireless engineers are al-

ways looking for spectrally efficient transmission system. OFDM, being a spectrally efficient

system, promises to provide quite high data rate. Dynamic behavior of wireless channel

always act as a bottleneck for achieving higher data rate [4]. However, it also provides an

option to exploit the dynamic nature to improve the link performance. LA is an advanced

technique which changes power and bit loading adaptively to cope with the varying chan-

nel condition based on the information feedback by the receiver [5]. The strategy chooses

the optimum power level, modulation order and coding rate, so that spectral efficiency is

maximized and target BLER is maintained.

With the limited feedback (in the form of Received Signal Strength Indication

(RSSI)) from the receiver, WLAN systems (IEEE 802.11a) uses same modulation and power

across all the subcarrier for each transmission. Although this technique provides some sort

of power and spectral efficiency, further improvement is also possible by considering sub-

channels or subcarriers for adaptation instead of adapting the whole bandwidth together.

Prominent wireless technology standard like Third Generation Partnership Project-

Long Term Evolution (3GPP-LTE), Worldwide Interoperability for Microwave Access (WiMAX)

etc. promises data rate of several Mbps for pedestrian to highly mobile users. It proposes to

use link adaptation per subcarrier or per subchannel to maximize the throughput. However,
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1.3 Goal of the Project 3

this also increases the overhead by sending large amount of feedback information. Adap-

tation for each subcarrier or for each subchannel increases the implementation complexity

even more.

Despite many advantages that make OFDM system very popular, it suffers from

large Peak to Average Power Ratio (PAPR) problem [6]. PAPR increases with number of

subcarriers. Due to amplifier nonlinearity this may give rise to phenomenon like spectral

regrowth and intermodulation among subcarrier causing significant performance degrada-

tion [7]. To mitigate the effect, the transmit power is reduced so that probability of high

peaks of the signal is amplified in the linear region of the amplifier transfer function. This

technique is referred to as power Back Off (BO). However it reduces the power efficiency.

This problem becomes severe in link adaptation system since optimum back off power re-

quired for satisfactory operation varies on modulation and coding rate. Changing the BO

power for each subcarrier or subchannel too frequently is extremely difficult if not impos-

sible. This problem further extends the implementation complexity. Thus a trade off must

be made among complexity, efficiency and performance improvement.

The effect of nonlinear distortion can again have severe impact on link adaptation

system. Link adaptation studies so far had little attention on the combined effect of PAPR

and link adaptation [8]. The link adaptation is done based on the measurement of the

specially designed signal called training sequence which is sent from transmitter. However

this training sequence is designed in such a way that PAPR remains low [9]. So the distortion

due to high PAPR can not be captured in this way. Since existing link adaptation algorithms

do not take care of the PAPR effect properly, the system may fail to maintain the QoS

constraint. i.e. increase in BLER means decrease in Spectral Efficiency (SE), which is

completely undesirable. Therefore it is important to consider the aspects of PAPR for any

implementation of OFDM system.

1.3 Goal of the Project

Operating point of the HPA is usually selected based on average power. High power amplifier

used in the transceiver circuit of OFDM system does not have linear transfer function.
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So, even if we select the operating point of the HPA in the linear region, high peaks of

the OFDM symbol may be amplified in the nonlinear region and thereby introduce some

nonlinear distortion which in turn will degrade the system performance. To prevent this

unexpected effect, the peak of the signal has to be accommodated in the linear operating

region of the power amplifier. This means Amplifier has to operate with certain amount of

back off power. However this is completely undesirable as increasing the BO power means

decreasing the coverage of the cell. Larger the PAPR, higher is the back off power depending

on the level of PAPR. But large BO’s are totally undesirable since it leads to low power

efficiency and reduced cell coverage [10].

If PAPR and the consequent nonlinear distortion are taken into account,the existing

LA algorithms may not be able to achieve the target BLER since threshold for modulation

and coding rates were fixed without considering PAPR. The goal of the project is to bring

out the impact of PAPR on existing LA algorithm and to find a method to combat this effect

and restore the performance of the LA system in terms of BLER and Spectral efficiency.

1.4 Scope of the project

The issue of PAPR in multicarrier system is being researched for quite some time and lit-

erature survey reveals several proposed approaches towards mitigating this problem e.g.

predistortion, PAPR reduction etc. [7][11] [12][13]. But nonlinearity effect still exist. More-

over, very little measure has been taken so far from the link adaptation point of view. So

basic focus of this project is to investigate how the PAPR affects the link adaptation system

performance. And in that respect, if the system fails to maintain QoS constraint, we also

find out ways to modify the existing LA algorithm to regain the spectral efficiency and

thereby ensuring the the target BLER.

In this project, the LA based OFDM system will be implemented using the algorithm

developed in [8]. 3GPP-LTE standard parameter will be used in our simulation which

has shown huge potential for future wireless system. Both uncoded system and coded

system ( different FEC) will be investigated to bring out the impact of coding gain as well.

Different QAM modulation scheme will be considered. Distortion for different modulation
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with coding rate scenarios will be evaluated to find out the optimum BO power needed for

a given modulation and code rate. For different optimum BO power for different scenarios,

threshold for AMC will be modified to satisfy the target BLER. Analysis of performance of

different modulation system, in the presence of PAPR, in terms of total degradation, Signal

to Distortion plus Noise Ratio (SDNR) will be done.

Spectral efficiency performance before and after consideration of PAPR will also be

compared. The system will initially be simulated for the AWGN channel to investigate the

basic performance and then Fading channel will be incorporated to see the real environment

performance. All the performance will be evaluated in terms of Bit Error Rate (BER),

BLER, Total Degradation and Spectral Efficiency.

1.5 Organization of Report

The rest of the report is organized as follows:

Chapter 2 describes the system components. Starting with the wireless channel

characteristics in brief, the baseband modulation techniques and fundamentals of OFDM

systems are described. The comparison between single carrier and multi-carrier transmission

system has been described in the form of pros and cons of OFDM system. The system design

requirement and parameters are also outlined.

Chapter 3 represents the performance of the different modulation and coding rate.

Coded and uncoded system performance is compared in the beginning. A detail treatment

is provided to bring out the effect of HPA and BO power for different combination of

modulation and coding rate. Performance in both Adaptive White Gaussian Noise (AWGN)

and Fading channel has been described. SDNR and Total Degradation (TD) curves are also

presented to address the problem from different angles.

Chapter 4 contains the performance of LA based system. The chapter begins with

a brief discussion on the concept of LA. Then the performance of existing LA algorithm is

presented with and without consideration of PAPR. Look Up Table (LUT) which is used

to determine the threshold for AMC to meet the QoS constraint is presented. Updated

LUT to meet the target BLER when PAPR is taken into account is also given. Finally
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performance of these different scenarios in terms of spectral efficiency is compared.

The report concludes with Chapter 5 which summarizes the whole project and gives

some insight to the possible future work.
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Chapter 2

Wireless Channel, Baseband

Modulation and OFDM

In this chapter the basic system components will be discussed in brief. Hostility of wireless

channel is considered as the main obstacle for achieving higher data rate and therefore a

brief introduction to wireless channel and its characteristics is described here. Standard

under investigation, 3GPP-LTE and also some other promising technology like WiMAX

proposes to use Quadrature Amplitude Modulation (QAM) as modulation technique in the

physical layer and hence included here. OFDM has been proposed as multiplexing as well

as multiple access scheme. A detailed treatment to the OFDM is provided here.

2.1 Wireless Channel Characteristics

In wireless communication system, signal from transmitter to receiver travels through chan-

nel which has dynamic characteristics. Channel characteristics depends on different param-

eters like location, environment, mobility of user etc. Signal is reflected, diffracted or

attenuated by the propagating media. The channel characteristics is random in nature and

described by statistical properties which can be used to model the channel

7



8 Chapter 2. Wireless Channel, Baseband Modulation and OFDM

2.1.1 Propagation Loss

Electromagnetic waves travel as spherical wave moving along its perimeter and the total

energy of the waves get distributed across the surface. Available signal energy reduces

exponentially with the distance from the source. Also there are many interfering objects in

the environment which reflect, diffract and attenuate signal energy.

The received signal power is given by Friis free space equation [4]

Pr(d) =
PtGtGrλ

2

(4π)2d2L
(2.1)

where Pt is the transmit power, Pr(d) is the received power which is the function of

T-R separation, Gt is the transmitter antenna gain, Gr is the receiver antenna gain, d is the

T-R separation distance in meters, L is the system loss factor not related to propagation

(L ≥ 1), and λ is the wavelength in meters and is related to the carrier frequency by [4]:

λ =
c

f
=

2πc
ωc

(2.2)

where f is the carrier frequency in Hertz, ωc is the carrier frequency in radian/second,

and c is the speed of light in meter/second.

The Eq.(2.1) can be modified as [4]:

Pr(d) = Pr(d0)
(
d0

d

)2

d ≥ d0 ≥ df (2.3)

where, d0 is point close to the transmitter, known as received power reference point.

In general, the path loss (in dB) can be expressed as follows:

PL(dB) = PL(d0) + 10nplog(
d

d0
) (2.4)

where np is the path loss exponent. The bars denote the ensemble average of the all

possible path loss values for a given value of d.

Many practical model, based on simulations became popular. Okumura-Hata model

is most widely used. Modified path loss is given by [4]:
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PLmod = PL+ ΔPLf + ΔPLh (2.5)

where,

• PL is path loss given by (2.4)

• ΔPLf is frequency correction term given by 6 log10(f/2000), f is the frequency in

MHz

• ΔPLh is receiver antenna height correction factor and is given by −10.8log10(h/2),

where h is the new receiver antenna height (m) such that 2 < h < 8

2.1.1.1 Shadowing

Geographical structure of different positions are different. Variation is higher in the urban

area and the measured signal between places at the same distance from the transmitter

might by quite different. This variation is due to refraction and diffraction from different

objects on the path of the traveling wave. This effect is called shadowing. From mea-

surement it is found to be log normally distributed and hence referred to as log normal

shadowing.

2.1.2 Small Scale Fading

Signal varies rapidly within a very short distance in small scale fading. The variation of

the signal strength caused by multipath delay, doppler shift due to the relative motion

between receiver and the transmitter etc. Due to the reflection, the receiver may receive

some delayed version of the original signal. The Channel Impulse Response (CIR), h(t, τ)

gives the nature of the channel and is given by[14]:

h(t, τ) =
NSE∑
m=1

Anp,mδ(t− τm) exp(−jθm) (2.6)

where Anp is the amplitude of the different delayed version with phase θn, and

arriving at a delay of τn.
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2.1.2.1 Multi Path Fading

The time dispersion of the channel is measured by rms delay spread, τRMS and can be

found from the following relation [4]:

τRMS =

√√√√√
⎡
⎣∑NSE

n=1 Anpτ2
n∑NSE

n=1 Anp

−
(∑NSE

n=1 Anpτn∑NSE
n=1 Anp

)2
⎤
⎦ (2.7)

Thus signal experiences different level of fading for different frequencies of the fading

channel. Fading channel can be either flat fading or frequency selective fading depending

on the bandwidth of the system compared to the channel coherence bandwidth, Bc. This

is inversely proportional to the rms delay spread, τRMS :

Bc ∝ 1
τRMS

(2.8)

If the system bandwidth is smaller than the coherence bandwidth then the channel

is said to flat fading channel, otherwise it is referred to as frequency selective channel.

2.1.3 Time Varying Channel

There is channel variation in time domain too. This variation is mainly due to relative

motion between transmitter and receiver which gives rise to a phenomenon called doppler

effect. This effect is expressed by doppler frequency:

fd =
1
2π

Δφ
Δt

=
v

λ
cosθ (2.9)

where v is the velocity and Δφ is the phase change:

Δφ =
2πΔl
λ

=
2πvΔt
λ

cos(θ) (2.10)

Here, θ is the arrived angle of the signal component. The maximum doppler shift is

fm = v
λ .
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2.2 Quadrature Amplitude Modulation 11

2.2 Quadrature Amplitude Modulation

In Digital modulation scheme the modified parameter of the carrier signal, which carries the

information, can take only discrete values. This type of modulation is also referred to also as

discrete modulation. When information to be conveyed is carried on the varying amplitude

of the carrier wave, then the modulation is called Pulse Amplitude Modulation (PAM).

And if the information is carried on the phase of the modulated signal then it is referred to

as Pulse Position Modulation (PPM). QAM is the combination of the above two methods

and carries information on phase as well as on Amplitude of the modulated signal. This can

also be seen as embedding two simultaneous sequence of k bits information signal on two

quadrature carriers cos2πfct and sin2πfct. The corresponding modulated waveform can be

written as [14]:

sm(t) = (Amc + jAms)g(t)ej2πfct m = 1, 2, ...M (2.11)

where Amc and Ams are the information-bearing signal amplitudes of the quadrature

carrier and g(t) is the signal pulse.

4QAM

16QAM

64QAM

In Phase

Q
u
a
d
ra

tu
re

Figure 2.1: QAM Constellation Diagram

The Figure 2.1 shows the constellation diagram for QAM modulation scheme.

Faisal Tariq



12 Chapter 2. Wireless Channel, Baseband Modulation and OFDM

It is common practice to have rectangular QAM where M = 22k, with each symbol

representing 2k information bits. The symbol is generated as a superposition of two PAM

signal on quadrature carriers.

2.2.1 Probability of Error in QAM

Since rectangular M-ary QAM can be treated as the superposition of two
√
M -ary PAM

signals, the probability of the a correct decision in the case of M-ary QAM system is as

given by [14]:

Pc = (1 − P√
M )2 (2.12)

P√
M is the probability of error of a

√
M -ary PAM signal and is given by [14]:

P√
M = 2(1 − 1√

M
)Q(

√
3

M − 1
γ) (2.13)

where γ is the average SNR. The probability of symbol error is then given by [14]:

PM = 1 − (1 − P√
M )2 (2.14)

Since the channel behavior has no deterministic nature, it introduces uncertainty

in the position of the received points in constellation. With the increase of the level of

modulation, the phase state distance is reduced, i.e. decision boundaries on the constellation

diagram become more dense which results in higher BER at a given signal-to-noise ratio. In

order to increase the spectral efficiency more information bits are required to be conveyed

on one symbol and hence more states have to be allocated in the constellation diagram.

However greater the number of states, denser the constellation points. This makes the

detection more difficult in the receiver side.

2.3 OFDM Basics

Orthogonal Frequency Division Multiplexing (OFDM) is a special form of Multi Carrier

Modulation (MCM) which is specially suitable for high data rate wireless communication.
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It converts a single high rate stream of bits in to a number of parallel low rate streams that

are transmitted over a number of narrow band channels, called subcarriers, which can be

easily equalized[15]. OFDM is widely used as physical layer technology for its tolerance to

harsh wireless channel conditions as well as for its high spectral efficiency [2].

2.3.1 Historical Background

Although interest to OFDM technique is recent [16], the basic concept of OFDM appeared

in literature as early as in 1966 where Robert W. Chang in [17] outlined a theoretical

way to transmit simultaneous data stream trough linear band limited channel without Inter

Symbol Interference (ISI) and Inter Carrier Interference (ICI). Subsequently, he obtained

the first US patent on OFDM in 1970.

Performance analysis of OFDM was done in [18]. Until then, a large number of

subcarrier oscillators were needed to perform parallel modulations and demodulations.

A major breakthrough in the history of OFDM came in 1971 when Weinstein and

Ebert used Discrete Fourier Transform (DFT) to perform baseband modulation and de-

modulation which eliminated the need of bank of subcarrier oscillators thus making the

operation efficient and simpler [19].

All the proposals of OFDM systems used guard spaces in frequency domain and

a raised cosine windowing in time domain to combat ISI and ICI. Another milestone for

OFDM history was when Peled and Ruiz introduced Cyclic Prefix (CP) or cyclic extension

in 1980 [20]. This solved the problem of maintaining orthogonal characteristics of the

transmitted signals at severe transmission conditions. The generic idea that they placed

was to use cyclic extension of OFDM symbols instead of using empty guard spaces in

frequency domain. This effectively turns the channel as performing cyclic convolution,

which provides orthogonality over dispersive channels when CP is longer than the channel

impulse response [2].

Inclusion of FFT and Cyclic Prefix (CP) in OFDM system and substantial ad-

vancements in Digital Signal Processing (DSP) technology made it an important part of

telecommunications arena. Digital Audio Broadcasting (DAB) was the first commercial use

of OFDM technology. DAB services came to reality in 1995 in UK and Sweden. At the
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beginning of 21st century, several Wireless Local Area Network (WLAN) standard such as

IEEE 802.11, HIPERLAN/2 adopted OFDM as their PHY technology.

The future generation of wireless system, most popularly known as 4G system and

WiMAX, which has huge market potential, are likely to chose OFDM as there PHY tech-

nology. This is becoming more and more evident that OFDM will be the technology of

choice in most wireless links world wide.

2.3.2 Principle of Orthogonality

The subcarrier spacing is chosen so that the waveforms transmitted on different sub car-

riers are orthogonal in time, but overlap in frequency. The orthogonality is achieved by

making the peak of each subcarrier signal coincide with the null of the other subcarrier

signals resulting in a perfectly aligned and spaced subcarrier signal. The Eq.2.15 gives the

mathematical relation among the subcarriers.

∫ t0+T

t=t0

f1(t)·f2(t)dt = 0 (2.15)

. f1 f2 f3

T

A

Figure 2.2: Time domain view of principle of orthogonality

This is achieved by having subcarriers which are integer multiple of a basic frequency.

The time domain representation of the orthogonality principle is shown in Figure 2.2 and

the frequency domain view of orthogonality is shown in Figure 2.3

2.3.3 OFDM Analytical Model

A good description of OFDM analytical model is presented in [5].
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Figure 2.3: Frequency domain view of principle of orthogonality

Each OFDM symbol contains N subcarriers, where N is an even number. OFDM

symbol duration is given by [5]:

Tu =
2π
Δw

(2.16)

where w is the subcarrier spacing. Based on (2.16), the spectrum of the Fourier

series for the duration of the sth OFDM symbol is [5]:

Xs(w) =
N/2−1∑

k=−N/2

Xs[k]δc(w − kΔw) (2.17)

IFFT is applied to transform the OFDM symbol from frequency domain to time

domain and to limit it to a time interval 0 ≤ t < Tu. The time domain signal x̃s(t) is then

written as [5]:

x̃s(t) = F{Xs(w)}ΞTu(t) =
1√
Tu

N/2−1∑
k=−N/2

Xs[k]ejΔwkt (2.18)

where ΞTu is a rectangular pulse with duration Tu and amplitude of one. After the

frequency domain conversion, the cyclic prefix is added [5]:
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xs′(t) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

x̃s(t+ Tu − Tg), 0 ≤ t < Tg

x̃s(t− Tg), Tg < t < Tu

0, otherwise

(2.19)

where Tg is the cyclic prefix duration and Ts = Tu + Tg is the total OFDM symbol

duration.

The transmitted complex baseband signal x̃s(t) is formed by concatenating all OFDM

symbols in the time-domain [5]:

s̃(t) =
S−1∑
s=0

xs′(t− sTs) (2.20)

The signal is finally upconverted to a carrier frequency and transmitted [5]:

s(t) = Re{s(t)ej2πfct} (2.21)

The following Figure 2.4 shows the block diagram of the OFDM system.

The raw bit stream is first coded with Forward Error Correction (FEC) and then

fed to the interleaver where they are interleaved so that the error introduced in the channel

get spread over time. Then it is converted from serial to parallel and mapped by QAM

modulator. IFFT is done to get the signal in time domain where CP is added. The next

block is optional and added only if any peak reduction method is employed in the system.

Finally the signal is up converted, amplified and transmitted through the antenna. At the

receiver reverse order is followed. The received signal is down converted to get back the

base band signal. Cyclic prefix is removed before feeding the signal to FFT. Then channel

equalization and estimation is done. This estimation is done on the known pilot signal sent

by the transmitter and the obtained information is used to feedback in the form of CSI, if

link adaptation system is employed. Then the signal is demapped by QAM demodulator

and the bits are de-interleaved and decoded to get back the original signal.
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Figure 2.4: Block Diagram of OFDM Transceiver Systems

2.3.4 OFDM System Design

System design always needs sound and comprehensive understanding and consideration of

crucial parameters. Basic OFDM philosophy is to decrease data rate at the subcarriers,

so that the symbol duration increases, thus the multipath effects are removed. This poses

a challenging problem, as higher value for CP interval will give better result, but it will

increase the loss of energy due to insertion of CP. Thus, a tradeoff between these two must

be made for a reasonable design.

2.3.4.1 OFDM System Design Requirements

OFDM systems depend on four system design requirement:

• Bandwidth: Bandwidth is always the scarce resource. The amount of bandwidth

will play a significant role in determining number of subcarriers, because with a large
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bandwidth, we can easily fit in large number of subcarriers with reasonable guard

space.

• Bit Rate: The overall system should be able to meet the data rate required by the

users.

• Delay Spread: Delay spread will depend on the user environment. For indoor

environment maximum delay spread is around few hundreds of nsec at most, whereas

for outdoor environment it is up to 10μs. So the length of CP should be determined

according to the tolerable delay spread.

• Doppler values: The doppler value increases with the increase in velocity of the

user. So velocity of expected users must be considered carefully.

2.3.4.2 OFDM System Design Parameters

The design parameters are derived according to the system requirements [1]:

• Number of subcarriers: Increasing number of subcarriers will reduce the data rate

per subcarrier, which will make sure that the relative amount of dispersion in time will

be decreased. But when there are large numbers of subcarriers, the synchronization

at the receiver side will be extremely difficult.

• Guard time (CP interval) and symbol duration: A good ratio between the CP

interval and symbol duration should be found, so that all multipaths are resolved and

not significant amount of energy is lost due to CP. As a rule of thumb, the CP interval

must be two to four times larger than the Root-Mean-Square (RMS) delay spread.

• Subcarrier spacing: Subcarrier spacing must be kept at a level so that synchroniza-

tion is achievable. This parameter will largely depend on available bandwidth and

the required number of subchannels.

• Modulation type per subcarrier: This is of immense importance, because different

modulation scheme will give different performance in terms of BLER and through-

put. Adaptive modulation and bit loading can be implemented depending on the

requirement.
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• FEC coding: Choice of FEC code will play a vital role also. A suitable FEC coding

will make sure that the channel is robust to all the random errors. This is achieved

at the cost of throughput reduction.

2.3.5 Comparison of Single and Multi−Carrier Techniques

There has been a long debate whether multicarrier technique is better than single carrier

technique or not. Specially when PAPR and synchronization issue comes into consideration.

In the following subsection the advantage and disadvantage of OFDM as a multicarrier

technique has been described.

2.3.6 Advantages of OFDM

OFDM has many advantages over single carrier system which are summarized below:

2.3.6.1 Combating ISI and Reducing ICI

Time-dispersive channel jeopardizes the orthogonality of the signal. The guard interval

must be chosen larger than the expected maximum delay spread, such that multi path

reflection from one symbol would not interfere with another. In practice, the empty guard

time introduces ICI. ICI is crosstalk between different subcarriers, which means they are no

longer orthogonal to each other [1]. The cyclic extension of OFDM symbol or CP, which is

a copy of the last part of OFDM symbol, is appended in front of the transmitted OFDM

symbol [21].

CP still occupies the same time interval as guard period, but it ensures that the

delayed replicas of the OFDM symbols will always have a complete symbol within the FFT

interval. So, in short, by providing periodicity to the OFDM source signal, CP makes sure

that subsequent subcarriers are orthogonal to each other.

For the insertion of CP, a part of the signal energy is lost since it carries no infor-

mation. The loss is measured as

SNRloss CP = −10 log10

(
1 − TCP

Tsym

)
(2.22)
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Here, TCP is the interval length of CP and Tsym is the OFDM symbol duration.

CP gives two fold advantages, first, by occupying the guard interval it removes the

effect of ISI and second, by maintaining orthogonality it completely removes the ICI. The

cost in terms of signal energy loss is not too significant.

2.3.6.2 Spectral Efficiency

This is one of the main reason why OFDM gain this tremendous popularity over conven-

tional single carrier system. Figure 2.5 illustrates the difference between conventional FDM

and OFDM systems. In the case of OFDM, a better spectral efficiency is achieved by

maintaining orthogonality between the subcarriers. If orthogonality is maintained properly

then detection and separation at receiver becomes very easy. Conventional FDM requires

guard band to ensure orthogonality between sub channels which results in inefficient use of

spectral resources.

Bandwidth SavingBandwidth Saving

OFDM SystemOFDM System

Subcarrier Spacing

Frequency

Guard BandGuard Band

SC BandwidthSC Bandwidth

Conventional FDM systemConventional FDM system

Subcarrier Spacing

Frequency

Figure 2.5: Comparison between OFDM and Conventional FDM

Orthogonality makes it possible in OFDM to arrange the subcarriers in such a way

that the sidebands of the individual carriers overlap and still the signals are received without

being interfered by ICI. At the receiver the signal is integrated over a symbol period to

recover raw data. If the other subcarriers all down converted to the frequencies that, in the
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time domain, have a whole number of cycles in a symbol period Tsym, then the integration

process results in zero contribution from all other carriers [22].

2.3.6.3 Some Other Benefits of OFDM System

1. Implementation of OFDM is very simple since mapping of bits to unique carriers is

done via the use of IFFT.

2. Since OFDM receiver collects signal energy in frequency domain, there is no energy

loss in frequency domain.

3. OFDM is more resistant to frequency selective fading than single carrier systems.

4. The orthogonality preservation procedures in OFDM are much simpler compared to

CDMA or TDMA techniques even in very severe multipath conditions.[23]

5. It is possible to use maximum likelihood detection with reasonable complexity

6. OFDM can be used for high-speed multimedia applications with lower service cost.

7. Single frequency networks are possible in OFDM, which is especially attractive for

broadcast applications.

8. Smart antennas can be integrated with OFDM [24]. MIMO systems and space-time

coding can be incorporated with OFDM and all the benefit of MIMO can be achieved.

2.3.7 Disadvantages of OFDM

Despite many advantages that made OFDM system popular for many recent and future high

data rate applications, it suffers from some drawback which are briefly described below.

2.3.7.1 Strict Synchronization Requirement

OFDM is highly sensitive to time and frequency synchronization errors, especially due to

frequency synchronization errors, OFDM signal looses orthogonality which can lead to a

high bit error rate.
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This frequency synchronization error can happen due to two reason. Firstly, mis-

match in local oscillator frequency of transmitter and receiver and secondly, relative motion

between transmitter and receiver which shifts the frequency of the received signal due to

doppler effect. OFDM system may show significant performance degradation at high veloc-

ity.

2.3.7.2 Peak-to-Average Power Ratio(PAPR)

Peak to Average Power Ratio (PAPR) is one of the key disadvantages as compared to

the single carrier system. PAPR is proportional to the number of sub-carriers used for

OFDM systems. An OFDM system with large number of sub-carriers will thus have a very

large PAPR when the sub-carriers add up coherently. When the signal with high PAPR

passes through HPA, due to nonlinearity of HPA, it gives rise to in band and out of band

intermodulation. Thus the design of RF amplifier becomes increasingly difficult with the

increase in PAPR. A detail treatment of PAPR will be provided in the Chapter 3.

2.3.7.3 Co-Channel Interference in Cellular OFDM

In cellular systems, CCI is combated by combining adaptive antenna techniques, such as

sectorization, directional antenna, antenna arrays, etc. If OFDM is used in the cellular

systems it will give rise to CCI. Similarly with the traditional techniques, with the aid of

beam steering, it is possible to focus the receiver’s antenna beam on the served user, while

attenuating the co-channel interferers. This is significant since OFDM is sensitive to CCI.

2.4 Wireless Broadband Standard

Broadband wireless access is aiming to provide high data rate wireless access over wide area

at vehicular speed and to support variety of applications such as personal computers to data

networks. According to the 802.16-2004 standard, broadband means having instantaneous

bandwidth greater than around 1 MHz and supporting data rates greater than about 1.5

Mbit/s. In terms of connectivity broadband wireless access is equivalent to broadband

wired access, such as ADSL or cable modems. It is planned to be used in the next few years
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and is estimated to have a range of 50km.

Several standard for Broadband Wireless Access (BWA) has been proposed so far.

Among those, the most prominent broadband wireless access standard, 3GPP-LTE has been

briefly described below.

2.4.1 3GPP-LTE

Aiming on meeting future needs, 3GPP has initiated activity on the long term evolution

of UTRAN (Universal Terrestrial Radio Access Network), which is clearly targeting system

performance beyond Wideband Code Division Multiple Access (WCDMA), High Speed

Downlink Packet Access (HSDPA) and High Speed Uplink Packet Access (HSUPA). The

UTRAN long-term evolution work is looking for the market introduction of Evolved UTRAN

(EUTRAN) around 2010, with specification availability planned toward end of 2007. The

feasibility study is currently on going and key decisions on the multiple access as well as

on the protocol architecture have recently been finalized. Feasibility study is finalized for

September 2006 time frame, after which actual specification development would start [25,

26]. Three basic concepts are proposed for DownLink (DL) [25]:

• OFDMA (FDD / [TDD])

• MC-WCDMA (FDD)

• MC-TD-SCDMA (TDD)

OFDM is chosen for the DL mainly due to the simplicity of the terminal receiver

in case of large bandwidths in difficult environment. To support different bandwidt op-

tions, Orthogonal Frequency Division Multiple Access (OFDMA) has been adopted which

gives better flexibility. Several advanced techniques are being considered on top of the

basic OFDMA operation which includes advanced Automatic Repeat Request (ARQ) tech-

niques, frequency domain scheduling, Multiple Input Multiple Output (MIMO) antenna

technologies and variable coding and modulation [26].

A scalable solution for air interface is adopted to support a number of different

bandwidths, starting from 1.25 MHz to 20 MHz. The single set of parameters for sub-

carrier spacing etc. provide support for different bandwidths by only changing the number
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of sub-carriers while keeping the frame length as well as symbol length constant. The

parameters defined during the feasibility study can be found from [25, 26].

For the UpLink (UL) direction the Single Carrier FDMA (SC-FDMA) has been

chosen due to the good performance in general and superior properties in terms of UL

signal PAPR as compared to OFDM UL [26, 27].

2.4.2 WiMAX

The term Worldwide Interoperability for Microwave Access (WiMAX) is generally used

to refer to IEEE 802.16 group of standards. This working group works towards defin-

ing a common standard for BWA. The PHY and Medium Access Control (MAC) Layer is

addressed in this standardization, and defines a common MAC layer and a number of differ-

ent PHY! (PHY!) options. The latest amendment, IEEE 802.16e, published in February

2006, covers ”Physical and Medium Access Control Layers for Combined Fixed and Mobile

Operation in Licensed Bands”

Recently, IEEE 802.16e, standard announced specification for mobile BWA which is

one of the greatest promises of future wireless technologies for providing Anytime, Anywhere,

Anything service.

The main advantage of WiMAX over other standards is that it offers a single stan-

dard approach while other technologies have several vendor specific proprietary solutions

which prohibits seamless inter-operation. This means manufacturers can take advantage of

economies of scale, while operators will have a wider range of choice. The WiMAX forum is

a body of WiMAX related industry members that take care of the standardization process.

Roll out of WiMAX network is divided into three stages [28][29]:

1. Fixed Wireless Access (FWA): Here WiMAX technology acts as the backhaul con-

necting a local network through externally mounted fixed antennas. The first IEEE

802.16 standard defines this operation which requires LOS and operates in the 10-66

GHz frequency range. 11 GHz band was also included on later standard IEEE 802.16

a. Theoretically the data rate is up to 75Mbps on a single channel and 350 Mbps

using multiple channel on both uplink and downlink. The coverage area was up to 50

km.
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2. Nomadic Mobility through Customer Premises Equipment (CPE): This was intro-

duced with the IEEE 802.16-2004 version, when sub 11 GHz band was included to

support Non Line Of Sight (NLOS) operation. The standard allows nomadic users

with WiMAX access points to connect to a WiMAX base station. P2MP service is

provided with data rate of 10 Mbps or more. 5-10 km area can be covered depending

on the data rate and other specifications.

3. Mobile Broadband Wireless Access (MBWA): The third stage of WiMAX implemen-

tation is the final state for which everyone is looking forward.Full mobility (vehicular

speed) will be supported over a base station coverage range of several kilometers of-

fering data rates of up to 15 Mbps operating at 2 - 6 GHz carrier frequencies with a

channel bandwidth of 5 MHz. IEEE 802.16e standard includes this specification, and

it is expected to be commercially available by 2007.

Operating Frequency 2-11 GHz and 10-66 GHz
Coverage area Maximum 50 km(FWA) and 5 km (mobile)
Data rate Up to 70 Mbps (Single Carrier, LOS) and 15

Mbps (mobile)
Channel bandwidth Variable. From 1.75 MHz to 28 MHz
Key technology

OFDM and scalable OFDMA (mobile)

Table 2.1: General WiMAX Parameters

WiMAX allows channel bandwidth from 1.75 MHz to 28 MHz at almost any carrier.

The PHY mode supported at 10-66GHz is only Single Carrier while at sub 11GHz, both

Single Carrier and Multi-Carrier are supported, with various options for the MC mode, from

OFDM (256 point FFT) to OFDMA (2048 point FFT). Modulation level of 64-QAM is sup-

ported by all PHY whereas the Single Carrier PHY mode supports 256-QAM. IEEE 802.16e

specifies the option for scalability at the PHY OFDMA. This scalable sub-channelization

structure and variable Fast Fourier Transform (FFT) size enables optimum ensures optimum

performance.

A unique connection ID MAC is used to identify the links between BS and the

subscriber. This allows for different Quality of Service (QoS), and hence providing support

for wider range of applications, especially those requiring low latency and faster response,
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such as Voice over Internet Protocol (VoIP) . Number of different transport technologies,

such as IPv4, IPv6, ATM, Ethernet is also supported at the MAC layer, giving it a greater

flexibility for seamless operation [30, 28].
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Chapter 3

High Power Amplifier and PAPR

in OFDM

3.1 Introduction

In contrast to its appealing properties, OFDM suffers from high Peak to Average Power

Ratio (PAPR) problem. When the signal with high PAPR passes through the HPA, which

has nonlinear transfer function, spectral regrowth occurs that can be separated as in band

intermodulation and out band intermodulation [31]. This in turn causes Block Error Rate

(BLER) degradation and Adjacent Channel Interference (ACI) [1], [15].

To reduce the non linear distortion effect, signal power is reduced before applying

to the HPA input so that the probability of the signal peaks to be amplified in the linear

region of the amplifier transfer function increases. This reduction of signal power is referred

to as Back Off (BO). The larger the Back Off (BO), higher the reduction of the distortion

effect. However, It reduces the total available transmit power which eventually reduces

the coverage area of the system. Therefore it is aimed that minimum BO is used while

optimizing the Block Error Rate (BLER) performance by limiting the signal distortion due

to PAPR problem. It is also found that the amount of BO needed for optimum performance

varies for different modulation schemes [8]. Since LA employs varying modulation, power

and coding rate, fixed value of power BO will not optimize the performance. So, it becomes

important to analyze the impact of nonlinearity in OFDM system using rate, modulation

27



28 Chapter 3. High Power Amplifier and PAPR in OFDM

and power adaptation.

3.2 HPA Models

Several HPA models are available in the literature mainly for two types of amplifier. One

is relatively older and is known as Traveling Wave Tube Amplifier (TWTA) and another is

Solid-State Power Amplifier (SSPA). The models developed so far can mainly be divided

into two categories. One exhibits nonlinear distortion in both amplitude (AM/AM) and

phase (AM/PM). Other exhibits nonlinear distortion in amplitude (AM/AM) only. A

brief description of two models that are widely employed for wireless communication related

studies has been given below.

3.2.1 TWTA Model

The most widely used model for TWTA is known as Saleh model. It considers nonlinear

distortion in both amplitude (AM/AM) and phase (AM/PM). The model is extensively

used in nonlinear distortion analysis related to OFDM system [31][32].

In Saleh model, input signal is defined as [33]

x(t) = r(t) · cos[w0t+ ψ(t)] (3.1)

where w0 is the carrier frequency, r(t) and ψ(t) are modulated envelope and phase respec-

tively.

The corresponding output can be written as [33]

y(t) = A[r(t)] · cos{w0t+ ψ(t) + Φ[r(t)]} (3.2)

where A(r) is an odd function of r, with a linear leading term representing AM/AM conver-

sion and Φ(r) is an even function of r, with a quadratic leading term representing AM/PM

conversion.
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3.2.2 SSPA Model

For SSPA, nonlinear distortion has been analyzed using Rapp’s Model [34]. This HPA

model is simulated using the following relation considering distortion in amplitude only [1].

g(x) =
|x|

(1 + |x|2p)
1
2p

(3.3)

Here x is the signal amplitude and the variable p is used to tune the amount of

nonlinearity. A good approximation of existing HPA can be obtained by choosing p in the

range of 2 to 3. For large values of p, the model converges to a clipping amplifier and is

perfectly linear until it reaches the maximum output power level. This is however very hard

to achieve in practical system. Available literatures suggests that the AM/PM distortion

is small enough to be neglected [1].
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Figure 3.1: Transfer Function and of Rapps model with BO scenario.

Figure 3.1 represents the transfer function of the Rapp’s model. It also explains

the influence of BO on nonlinearity. When no BO is applied, the signal is more likely to

be amplified in the nonlinear region of the transfer function. To increase the possibility
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of amplifying in the linear region, operating point needs to be shifted to the left of the

horizontal axis of Figure 3.1. To shift the operating point 3 dB to the left, the signal needs

to be reduced by a factor of half. In order to accommodate more signal peaks in the linear

region, operating point needs to shifted more left. To implement 6 dB BO, the signal should

be reduced by a factor of 1
4 .
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Figure 3.2: Relation between Amplifier Distortion and BO Power

Thus BO always gives some performance improvement in terms of BLER but at the

cost to coverage reduction due to reduced output power. The amount of distortion caused

by the amplifier is estimated by measuring the difference in signal power at the input and

output of the amplifier. The distortion versus BO relation is shown in Figure 3.2 which

again proves that with increasing BO, distortion decreases. i.e. the signal operates more in

the linear region.

Selection of HPA model

Both TWTA and SSPA has advantages as well as disadvantages over one another.

However, there have been a long debate whether tube based or solid state amplifier is better

for wireless applications. For this work SSPA have been chosen due to some of its distinct

advantages [35]
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• No warm up time required.

• Inherently good linear performance for multicarrier, digital transmission

• Built in soft-fail capabilities in case of single device or module failure

• No expected RF section sparing requirements

• High volume production capability since the industry is growing exponentially.

And Rapp’s model is used to model the SSPA.

3.3 PAPR in OFDM

OFDM symbol is generated by superimposing several narrow band subcarriers. These

carriers may add up constructively resulting in high amplitude for some part of the signal.

When power instead of amplitude of the signal is considered situation becomes even worse.

This problem is widely knows as Peak to Average Power Ratio (PAPR) problem. Large

PAPR of a system makes the implementation of Digital-to-Analog Converter (DAC) and

Analog-to-Digital Converter(ADC) extremely difficult. The design of RF amplifier also

becomes more difficult with the increasing PAPR as it gives rise to the intermodulation in

RF domain. Since the source of the problem is constructive addition of subcarriers, PAPR

is proportional to the number of subcarrier in an OFDM symbol. PAPR can be defined

mathematically as:

PAPR =
max |x(n)|2
E[|x(n)|2] (3.4)

Several methods have been proposed to reduce nonlinear distortion due to high

PAPR. Some techniques directly deal with nonlinearity of the amplifier such as predistor-

tion, negative feedback, linear amplification with nonlinear component (LINC), feed forward

etc. While some other techniques involve reduction of PAPR so that operating point does

not fluctuate very much. Three category of techniques have been found in literature to

reduce PAPR, namely Signal Distortion Techniques, Coding Techniques and finally the

Scrambling Technique. A good comparison of these technique can be found in [7].
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3.3.1 CDF of PAPR

OFDM signal is characterized by

x(t) =
1√
N

N∑
n=1

ane
jwnt. (3.5)

Here an is the modulating signal. For large number of an both the real and imaginary

parts tend to be Gaussian distributed, So the amplitude of the OFDM symbol has a Rayleigh

distribution, while the power distribution is central chi squared with two degrees of freedom

and zero mean with a cumulative distribution function given by:

F (z) =
∫ z

0

1
2 · σ2

· e− u
2·σ2 du = 1 − e−z (3.6)

Assuming that the samples z to be mutually uncorrelated and the cumulative distribution

function for the peak power per OFDM symbol is given by [10]:

P (PAPR ≤ z) = F (z)N = (1 − e−z)N (3.7)

where N is the number of subcarriers in one OFDM symbol.

3.3.1.1 PAPR and Number of Subcarrier

As stated earlier, high value of PAPR originates from the constructive addition of subcar-

riers, so PAPR increases with the increase in number of subcarriers. Figure 3.3 shows the

theoretical and simulated CDF of PAPR for different number of subcarriers. Theoretical

curve is generated using Eq.3.7. It is obvious that there is no difference between theoreti-

cal and simulated values except for the very low Cumulative Distribution Function (CDF)

which probably occurs due to not enough number of simulation samples at that range. Here

CDF for 128, 512 and 1024 subcarriers are shown and it shows that PAPR increases with

the increase in number of subcarriers.

The CDF of PAPR reaches 90 percentile value, which is around 9 dB, very quickly

and rest of the values span over wide range of SNR. There is very small difference between

90 percentile value and median value. Therefore, it can be concluded that high PAPR
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Figure 3.3: Comparison of theoretical and simulated CDF of PAPR

occurs very rarely. This, in fact, gives very useful information for system design. Since high

PAPR occurs very rarely, for acceptable performance it is quite enough to accommodate

high peaks up to median value in the linear region during amplification.

3.3.1.2 Effect Modulation and Coding Schemes on PAPR

The Figure 3.4 shows the CDF of PAPR when different modulation order were used while

keeping number of subcarrier and code rate fixed to 512 and 1
2 respectively. All the curve

completely overlapped each other which proves that PAPR is completely independent of

modulation scheme.

Figure 3.5 exhibits a very well known fact that PAPR does not depends on coding

rate. Here modulation and number of subcarrier were fixed to 16QAM and 128 respectively

while coding rate was varied. All the cdf curves again overlapped each other. So, it can be

concluded that PAPR only depends on how the subcarriers are added together and their

number. It is not influenced by the parameters like modulation, FEC coding etc.
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3.4 Effect of HPA and BO Power

3.4.1 Effect on Constellation Points

The following Figure 3.6 shows the received constellation points for 16QAM modulation

scheme when no power amplifier was used. The received constellation points for subsequent

symbols are quite close to each other. However when power amplifier is plugged in to

the system the received constellation points become affected by nonlinearity and therefore

scattered.
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Figure 3.6: 16QAM basic constellation points

Figure 3.7 shows the received constellation diagram for 3 dB and 6 dB BO. It can be

seen from the figures that for 3 dB BO, received constellation points are more scattered than

that of 6 dB BO. Since with higher modulation order, decision boundaries in constellation

diagram become more dense and so the impact of HPA and BO will surely become more

severe. On the other hand, for low modulation rate like 4QAM, impact is much less since

decision boundaries have comparatively wider space.

3.4.2 Effect on Power Spectrum

To investigate the effect of HPA on power spectrum, during generation of an OFDM symbol,

subcarrier with high frequency components are forcefully set to zero to avoid ACI. The
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Figure 3.7: Effect of BO on 16QAM constellation points

Figure 3.8 shows the subcarrier arrangement at FFT output. The spectrum spans from

−N
2 to N

2 − 1. Frequencies higher than -p and p-1 are set to zero, where p is chosen in a

way that around 60 percent of the subcarriers are loaded. The 0 frequency is also set to zero

to avoid unnecessary power wastage by DC transmission. The power spectrum of OFDM

signal measured at the output of the power amplifier is shown in Figure 3.9 for different

BO. The number of subcarriers were fixed to 512. It shows that with increasing BO power,

out of band emission decreases, i.e. power leakage reduces. If a small BO of 1 dB is applied,

it can be seen from the figure that high frequency leakage is few dBi. However, with 10 dB

of BO, out of band emission reduces to nearly -30 dB. Moreover, though DC component

was set to zero, after power amplifier, DC value rises to -30 dB, -12 dB and 3 dB for BO

power of 10 dB, 6dB and 1 dB respectively.

Chalmers University of Technology



3.4 Effect of HPA and BO Power 37

-N/2 -p 0 p-1 N/2-1

Forced to Zero
Forced to Zero

Subcarriers

DC Component

Figure 3.8: Subcarrier Organization for Spectrum plot

−256 −156 −56 45 145 245
−30

−20

−10

0

10

20

30

Subcarrier Index

Po
w

er

BO−1
BO−3
BO−6
BO−10

0

Figure 3.9: Spectrum plot of OFDM signal

3.4.3 SDNR Plot

Signal to Distortion and Noise Ratio (SDNR) is defined as signal to distortion plus noise

ratio. This parameter helps to identify the actual reduction in signal quality. SDNR can

be measured both in the transmitter side and in the receiver side. If it is measured in the

transmitter side then it will only capture nonlinear distortion due to HPA and white noise.

On the other hand if it is measured on the receiver side it will also include channel noise,
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multipath fading effect etc.
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Figure 3.10: SDNR plot for 4QAM modulation in AWGN Channel.

SDNR at the receiver end can be expressed as follows:

SDNR =
1
N

N−1∑
i=0

|Xi|2
|Xi − X̂i|2

(3.8)

Here, Xi is the transmitted signal,

X̂i is the received signal,

N is the number of subcarrier.

Amount of SDNR does not depend on the modulation scheme used. However, the

decision boundary for higher modulation order in the constellation diagram is smaller as

compared to the lower modulation order. Hence the probability of correct decision for the

symbol will be much lower for higher modulation order than that of lower modulation order

for the same amount of distortion. Therefore for the same amount of SDNR, the effect on

BLER performance of different modulation will be different.
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Figure 3.11: SDNR plot for 4QAM modulation in Fading Channel.

Since LA system usually selects modulation adaptively, it is more likely that at

low SNR 4QAM modulation will be selected and then with increasing input SNR higher

modulation will be selected gradually. So, even though the SDNR plots is independent

of modulation, they are represented individually for each modulation in both AWGN and

fading channel with emphasis on the different SNR range where they are more likely to

operate. Thus for 4QAM modulation, SDNR is plotted against SNR range of 0 to 18 dB,

while for 16QAM it ranges from 5 to 30 dB and for 64QAM the range is between 12 dB to

40 dB.

Figure 3.10, 3.12 and 3.14 shows plots for the modulation scheme of 4 16 and

64QAM respectively in AWGN channel while Figure 3.11, 3.13 and 3.15 shows the SDNR

plots for 4, 16 and 64QAM respectively in Fading channel . For higher modulation level,

it can be seen that, when the BO is reduced, then the SDNR is reaching the highest

values quite speedily, i.e. with increasing transmit Signal to Noise Ratio (SNR), the SDNR

increases until around 20 dB, after that the SDNR starts to saturate. This means increasing

SNR after certain value will not give much gain.
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Figure 3.12: SDNR plot for 16QAM modulation in AWGN Channel
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Figure 3.13: SDNR plot for 16QAM modulation in Fading Channel
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Also it is evident from the figure that though the nature of SDNR curve is same for

both AWGN and fading channel, the amount of SDNR for fading channel is much lower

than that of AWGN channel since the SDNR for fading channel includes the distortion due

to multipath fading. For example, in 4QAM system with BO power of 8 dB, if the input

power is 18 dB then the output power is 17 dB and 9dB for AWGN and fading channel

respectively. Similarly, for modulation scheme of 16QAM with the same BO power as above,

if the input power is 24 dB then the out power is 22 dB and 15 dB for AWGN and fading

channel respectively. This clearly shows the effect of multipath.

SDNR plots shows that with the increasing BO, distortion decreases and after 8dB of

BO power, performance is more of less same since 8dB BO power is enough to accommodate

most of the peaks in the linear region. So SDNR curve shows the optimum BO power as

well. From the SDNR curve it is also possible to obtain the value at which it starts to

saturate. Thus it helps to decide the operating SNR as well as the maximum SNR after

which power will be wasted for different modulation scheme and thereby ensures optimum

use of power.
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Figure 3.14: SDNR plot for 64QAM modulation in AWGN Channel
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Figure 3.15: SDNR plot for 64QAM modulation in Fading Channel
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3.5 Performance of Different Modulation and Coding

In this section system performance is presented for basic system with different modulation

and coding rate. Number of subcarriers per OFDM symbol used in the simulation is 512. All

the system parameters are selected as per 3GPP-LTE specification. Performance is studied

initially for AWGN channel and then is extended for fading channel to realize how it will be

affected in practical scenarios. Modulation schemes under investigation are 4QAM, 16QAM

and 64QAM. BO power employed in the system simulation is from 0 dB to 10 dB. And as

seen from the CDF curves presented in Section 3.3, 10 dB back off will accommodate almost

all the high peaks and nonlinearity effect is mostly mitigated. Therefore, performance with

10 dB back off can also be considered as basic system performance. The doppler frequency

for all the investigation was fixed at 50 Hz.

Block interleaver has been used in both AWGN and fading channel. However, it

has no effect in AWGN channel but gives quite a good performance improvement in fading

channel. Block interleaver spreads the errors in time and thereby converts frequency selec-

tive channel to the flat fading channel. So, even if the channel goes through deep fade at

one instant, error due to this deep fade is distributed over time by the de−interleaver which

makes the task of FEC decoder to recover the erroneous bit much easier.

Effect of HPA and BO power on all the modulation schemes are studied with FEC

coding rate of 1
3 , 1

2 and 2
3 . However in order to avoid repetitive information, only results

for FEC = 1
2 is presented here. Rest of the result is available in the Appendix A

The main parameters, that are usually used to characterize the impact of nonlinear-

ities on digital communication systems are: EVM (Error Vector Magnitude), ACPR (Ad-

jacent Channel Protection Ratio), power spectrum and BER or Block Error Rate (BLER).

In this study the performance is shown in terms of BER for uncoded system. Since in all

practical system FEC coding is employed and performance is measured in terms of Block

Error Rate (BLER), it is used instead of BER to represent the performance of the coded

system in order to keep our investigation close to the reality. Detail BER performance can

be found in Appendix B. For coded system, performance is also presented in terms Spectral

Efficiency (SE) and Total Degradation (TD).

It is worth mentioning that for convenience of using results obtained here in link
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adapted system, all the performance is plotted in terms of POST-SNR which is defined

as the actual SNR measured at the receiver. For AWGN channel, there is no difference

between PRE-SNR or the transmit SNR and POST-SNR or received SNR. However, in

fading channel they are quite different due to the addition of multipath effect which reduces

the SNR at the receiver.

3.5.1 Performance in AWGN Channel

3.5.1.1 Uncoded System
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Figure 3.16: BER vs SNR curve for M= 4, Uncoded system in AWGN

The Figure 3.16 3.17 and 3.18 shows the BER vs SNR performance for uncoded

modulation of 4QAM, 16QAM and 64QAM respectively. For 4QAM modulation, backing

off does not give that much performance improvement. However, impact of BO increases

gradually with increasing modulation rate. For 4QAM, to achieve BER of 10−3, the dif-

ference in required SNR with 10 dB and 5 dB BO is around 1 dB only. However if the

same scenario is considered for 16 QAM, the required SNR will be 5 dB. For 64QAM it is

even impossible to reach that BER level if 5 dB BO is used. This shows the importance of

considering BO values carefully for different scenarios.
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Figure 3.17: BER vs SNR curve for M= 16, Uncoded system in AWGN

3.5.1.2 Coded System

The Figure 3.19, 3.21 and 3.23 shows the BLER vs. SNR performance for 4QAM, 16QAM

and 64QAM modulation respectively with FEC = 1
2 . There is some performance improve-

ment due to FEC coding gain. For 4QAM modulation, no significant difference in perfor-

mance is observed between 5dB and 10 dB back off to reach the BLER threshold of 10−2.

Even though there is some difference in required SNR to reach the BLER level stated above,

SE curves in Figure 3.20 shows that if the SNR is above 8 dB, there is no difference at all

in spectral efficiency.
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Figure 3.18: BER vs SNR curve for M= 64, Uncoded system in AWGN

For the same scenario with 16 QAM, the required SNR difference is around 2.5 dB

while the SE performance saturates after 15 dB of SNR. In case of 64QAM, the performance

is worse and with 5dB BO power, it is almost impossible to reach the selected level and

significant difference is observed for SE performance.

Even if the differences in BO between 10 dB and 6 dB and between 6dB and 2 dB

are same (4 dB), the required SNR to reach the threshold level of 10−1 is not the same.

For 16 QAM required SNR is 1 dB only for the first case while it is around 10 dB for the

later case i.e. the same amount of BO will not always give same improvement. So BO

should be carefully selected to get the optimum performance. As it is observed in the CDF

curve, median and 90 percentile value of the PAPR is very close and concentrated around

some value. Beyond that level, the rest of the high peaks span over a wide area of SNR

values. However from the BLER curves it is obvious that the peaks with level higher than

the median value do not have significant impact on BLER performance since implementing

BO higher than 8 dB (which is the median value of cdf of PAPR for OFDM symbol used)

do not give any performance improvement. Thus no performance improvement is achieved

by using 10 dB of BO instead of 8 dB. Since the amount of BO is inversely proportional to

the cell coverage, it is very important to keep BO as minimum as possible.
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Figure 3.19: BLER vs. SNR curve for C = 1
2 and M= 4 in AWGN
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Figure 3.20: Spectral Efficiency vs. SNR curve for C = 1
2 and M= 4 in AWGN
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Figure 3.21: BLER vs. SNR curve for C = 1
2 and M= 16 in AWGN
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Figure 3.22: Spectral Efficiency vs. SNR curve for C = 1
2 and M= 16 in AWGN
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Figure 3.23: BLER vs. SNR curve for C = 1
2 and M= 64 in AWGN
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Figure 3.24: Spectral Efficiency vs. SNR curve for C = 1
2 and M= 64 in AWGN
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Figure 3.25: TD plot for FEC = 1
2 with BLER Threshold= 0.1 in AWGN
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Figure 3.26: TD plot for FEC = 1
2 with BLER Threshold= 0.05 in AWGN
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Total Degradation Plot

Modulation and coding rate shows different behavior at various BO. So the choice of

suitable BO or different modulation and coding are different. Also it is highly complex, if not

impossible, to change the BO power frequently with the change in modulation and coding

rate in link adapted system. So finding an optimum BO point considering modulation with

coding rate becomes necessary for optimum performance.

Total Degradation (TD) for a certain BLER threshold is defined as the amount of

BO plus the SNR degradation due to non-linearity in BLER performance as compared to

the performance in basic system [31].

TD curve is very useful to find this optimum operating BO. The Table 3.1 shows

how the TD values are calculated. For a certain value of BER or BLER, the corresponding

required SNR to reach that level for ideal system (i.e system without HPA) is noted and

used as the basic reference point as shown in the second column of the table. Then required

SNR to reach the same BLER threshold for the system with HPA at various BO is noted.

The difference between these values and basic reference values represent the degradation.

Finally these degradation values are added to the corresponding BO values to get the Total

Degradation (TD). Third row of the Table 3.1 shows the TD values.

Figure 3.25 and Figure 3.25 represents the TD curve for BLER threshold of 0.1

and 0.05 respectively. From this curve the minimum total degradation point can easily be

obtained. For 4QAM, 16QAM and 64QAM, the best BO points are 0 dB, 4 dB and 7 dB

respectively.

The amount of degradation can vary for different modulation, coding as well as for

BLER threshold. From Figure 3.25, we can see that for 64 QAM, 16QAM and 4-QAM,

optimum BO is 6 dB, 4 dB and 0 dB respectively. So TD Curve at different modulations

and coding for different threshold becomes crucial to select optimum BO.

Table 3.1: Table for Calculation of Total Degradation in dB
BO Values Ideal 10 8 6 5 4

Measured SNR 5.1 5.67 5.7 5.79 5.91 6.33
Degradation 0.0 0.57 0.6 0.69 0.91 1.33

TD - 10.57 8.60 6.69 5.91 5.33
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3.5.2 Performance in Fading Channel

With the knowledge of the system performance in AWGN channel, the system is now

investigated in the fading channel to see its behavior under practical channel impairments.

The nature of the performance of fading channel is very much similar except additional

degradation due to multipath fading.

In the following sections the results for fading channel with uncoded system is pre-

sented which followed by the results for the coded system with FEC = 1
2 . The results

obtained for the other code rates are available in the appendix.

The performance is shown in terms of BLER versus POST−SNR. For each transmit-

ted SNR, due to channel variation in the fading channel, different channels go through dif-

ferent fade, and thus received SNR for different subchannel varies even though the transmit

SNR remains same. So if BLER performance is plotted against PRE-SNR, it will represent

avarage performance of subchannels which experienced different received SNR during that

transmission. Clearly, it will not exhibit the appropriate behavior of the system. To get

the performance based on the received SNR, in the simulator, some beans were created for

different SNR values. For example if the received SNR ranges from 5 to 25 dB, then it can

be subdivided in to 5 different equally spaced beans. Each bean in represented by a central

value of that bean. i.e. if a bean is spaced between 5 to 11 dB then it is represented by

8 dB. For each transmission received SNR is measured for each subchannel and necessary

information is saved in the bean to which it belongs to. Finally BLER is calculated for each

bean and plotted. Obviously this technique will give much more realistic view. However to

ensure enough number of samples in each bean, number of simulations required was quite

high. The details of the performance is described below.

3.5.2.1 Uncoded System

In practical systems uncoded systems are used vary rarely. However the BER performance

is presented so that performance improvement due to coding system can be compared if

needed.

The Figure 3.27, 3.28 and 3.29 shows the BER performance for 4QAM, 16QAM and

64QAM modulation scheme respectively. It can be seen from the figures that for 4QAM, a
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Figure 3.27: BER vs SNR curve for M= 4, uncoded system in Fading Channel

little gain is possible by using power BO. By introducing 10 dB BO power, only around 2.5

dB of BER performance gain is achieved as compared to 1 dB of BO. However for 16QAM,

there is quite a good performance improvement for adding BO power until 5 dB. After 5 dB

no significant improvement is found. 64QAM modulation is most severely affected by the

HPA and performance improvement is possible until 8 dB of BO power implementation.

So, the amount of BO required for optimum performance varies with modulation

scheme. However, even in worse case, employing BO equal to the value of median of cdf of

PAPR is enough to restore the performance.

3.5.2.2 Coded System

As mentioned earlier, coded system performance is shown in terms of BLER instead of BER

in order to make it closer to the practical systems. In this section performance in terms of

BLER and spectral efficiency has been shown and analyzed for all three modulation rate

at different BO power. FEC = 1
2 is used in all cases and result for other FEC coding rates

are available in appendix.

The Figure 3.30 and 3.31 shows the BLER performance and corresponding SE per-

formance for 4QAM modulation. Here almost no effect of BO is visible. Since constellation

Faisal Tariq



54 Chapter 3. High Power Amplifier and PAPR in OFDM

0 5 10 15 20 25 30 35
−5.5

−5

−4.5

−4

−3.5

−3

−2.5

−2

−1.5

−1

−0.5

POST−SNR (dB)

lo
g 10

(B
E

R
),

 U
nc

od
ed

 

 

M=16, BO=10
M=16, BO=8
M=16, BO=6
M=16, BO=5
M=16, BO=4
M=16, BO=3
M=16, BO=2
M=16, BO=1

Figure 3.28: BER vs SNR curve for M= 16, uncoded system in Fading Channel

points are quite far from one another, with 1 dB of BO it requires only 11 dB SNR to reach

the BLER level of 10−1. Whereas with 10 dB BO, 8 dB of SNR is required to reach the

same level. Thus a BO difference of 9 dB is required to gain 3 dB of BLER performance

gain at threshold 10−1 which is not practical at all. If the result is compared with the per-

formance in AWGN channel, it can be seen that the nature is same, i.e. not much gain is

achievable by employing large BO, but the performance degrades due to multipath fading.

To reach BLER of 10−1, 5 dB and 8 dB of SNR is required in AWGN and fading channel

respectively. However, to reach BLER of 10−2, around 8 dB and 14 dB of SNR is required

in AWGN and fading channel respectively. With decreasing BLER level, impact of multi-

path fading increases. As it is obvious from the uncoded scenarios, the BO is not giving

any improvement, it is better to use minimum BO and since coding reduces the spectral

efficiency significantly, minimum coding rate should be chosen to achieve the high spectral

efficiency for 4QAM modulation.

The Figure 3.32 and 3.33 represent the BLER and SE performance for 16QAM

modulation. It can be seen from the figures that BLER performance is more dependant on

BO compared to the 4QAM modulation. Impact of BO is not that much significant if it is

4 dB or more. However if BO is less than 4 dB then impact is quite significant. To reach
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Figure 3.29: BER vs SNR curve for M= 64, uncoded system in Fading Channel

the BLER level of 10−1, difference in required SNR for the system with 2 dB and 3dB BO

is 5 dB. Situation is even worse if 1 dB BO is considered. And SE also severely degrades in

case of 1 dB BO power.

Like AWGN channel, most severely affected modulation among the schemes con-

sidered in this study is 64QAM. The Figure 3.34 and 3.35 represents the performance of

64QAM modulation. Effect of HPA can be suppressed only if BO equal to or greater than

the median value of cdf of PAPR is applied. In order to reach BLER level of 10−1, at least

5 dB BO necessary. Based on the level of BLER needs to be reached, some BO scheme

even become unusable. Since the curves shows that to reach the level of 10−2, we need BO

power of at least more than 6 dB, the BO of 1 to 5 dB is not usable in this case. The BO

has severe impact on SE performance as well. For BO of 5 dB and 10 dB, difference in

SE is nearly 1 b/s/Hz at 30 dB of SNR. If the amount of BO employed is equal to or less

than 3 dB, almost no SE is achievable. So, to achieve lower BLER and higher SE, around 8

dB of BO needs to be employed which is again the median value. However employing this

amount of BO will cause a huge reduction of cell coverage.
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Figure 3.30: BLER vs SNR curve for C = 1
2 and M= 4 in Fading Channel
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Figure 3.31: Spectral Efficiency vs SNR curve for C = 1
2 and M= 4 in Fading Channel
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Figure 3.32: BLER vs SNR curve for C = 1
2 and M= 16 in Fading Channel
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Figure 3.33: Spectral Efficiency vs SNR curve for C = 1
2 and M= 16 in Fading Channel
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Figure 3.34: BLER vs SNR curve for C = 1
2 and M= 64 in Fading Channel
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Figure 3.35: Spectral Efficiency vs SNR curve for C = 1
2 and M= 64 in Fading Channel
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Figure 3.36: TD plot for FEC = 1
2 with BLER Threshold= 0.1 in Fading Channel
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Figure 3.37: TD plot for FEC = 1
2 with BLER Threshold= 0.05 in Fading Channel
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Total Degradation Plot

The Figure 3.36 and 3.37 shows the total degradation curve for BLER threshold of 0.1 and

0.05 respectively. As mentioned earlier, this curve is very useful in determining which BO

is to be selected for optimum performance. Similar to AWGN channel, optimum BO is

different for different modulation level. Even it can change depending on the level BLER to

maintain. For 64 QAM modulation, in both cases optimum BO is 8 dB which is the mean

of the cdf of PAPR for the OFDM symbol with 512 subcarrier. Interestingly, for 16QAM

modulation to get minimum total degradation different BO is needed for different BLER

threshold. From the figures it can be seen that required BO is 4 dB and 5 dB to get the

minimum degradation for of BLER threshold 0.1 and 0.05 respectively. For 4QAM, no BO

is required at all.

3.6 Conclusion

In this chapter, the impact of HPA has been analyzed from different angles. Beginning

with HPA model, cdf of PAPR is generated to see the nature of distribution of peaks in

the symbol which also gives us the preliminary idea about the influence of BO required

to reduce the nonlinearity due to HPA. The impact on signal level was investigated by

generating spectrum plot. Then impact on constellation diagram was also studied. SDNR

plots are generated which gives a further insight to the problem. It helps us to decided

about range of SNR that are suitable for use.

In order to investigate the effect of HPA on system performance initially AWGN

channel is studied with above mentioned impairments. The study is finally extended to the

fading channel to include the multipath effect and also to see the performance under real

environment scenarios. It has been found that there is significant impact of HPA on system

performance which varies with modulation and coding rate. Though the impact is not very

significant for low modulation rate, it becomes severe for higher modulation rates. BO is

employed to reduce the effect of nonlinearity. However, the amount of BO power required

to reduce the effect of nonlinearity to an acceptable level varies with modulation and coding

and since BO reduces coverage careful selection of the combination of BO with modulation
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and coding rate becomes very important. And since LA system changes modulation and

coding rate adaptively, investigation of LA system is also necessary. The result for LA

system is presented in the next chapter.
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Chapter 4

Influence of PAPR on Link

Adaptation

4.1 Introduction

The condition of wireless channel is constantly changing. The change is more rapid if

there is relative motion between transmitter and the receiver. A channel with a very good

condition at one instant may experience a deep fade at the next instant. This fluctuation

in received signal strength makes it extremely difficult to achieve very high data rate while

maintaining a QoS constraint.

Link Adaptation (LA) is a technique which ensures efficient use of available spectrum.

Adaptation of modulation, power and coding rate or any combination of these are done by

exploiting channel dynamics. The main issues for such a link adaptation mechanism are

the choice of parameter or parameters to be used for link quality estimation (e.g. packet

error rate, signal to noise ratio, received signal strength, carrier to interference ratio, etc.),

and how to select the appropriate rate from measurements of the selected parameter [36].

This selection usually varies based on the application for which link adaptation is done.

In this chapter basic LA concept with LA system model is described which is followed

by a brief description to the LA algorithm used in the study. Finally, simulation results

and performance comparison for different scenarios in both AWGN and fading channel is

presented.
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Figure 4.1: Basic Link Adaptation system employing adaptive modulation

4.2 Link Adaptation Concept

The Figure 4.1 shows the block diagram of a single carrier link adapted system. This model

can be extended for multicarrier system simply by including channels for N subcarrier.

Link adaptation is done based on the feedback from the receiver. Some predefined

known signal is transmitted in some of the subcarriers of OFDM symbol which is referred

to as pilot and the subcarrier used to carry this signals are known as pilot subcarriers. In

an OFDM transmission system, pilots are usually distributed in both time and frequency as

shown in Figure 4.2. This pilot signal is estimated at the receiver and measured information

is sent back to the transmitter which is referred to as Channel State Information (CSI).

More frequently the pilot is sent, more accurate the CSI is. Since these pilot subcarriers do

not carry any data, effective system throughput decreases with the increase in number of

pilot subcarrier. On the other hand, too few pilots may make the CSI information obsolete

and as a consequence LA system may fail due to erroneous and invalid feedback information.

although the effective throughput increases. The amount of doppler shift also have impact

on validity of CSI. Higher the doppler shift, faster the channel variation and more pilot is

needed to get valid CSI. So a trade off must be made between efficiency of the system and

accuracy of CSI while taking other parameters into account.

The Figure 4.4 shows how the LA system works considering the Spectral Efficiency
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Figure 4.2: Pilot Subcarrier for CSI

(SE). The curves with different markers represent the SE performance of different modula-

tion and coding. Now, if LA system is applied then with the increasing SNR the system will

choose the modulation and coding rate, which has the best SE performance at that SNR.

For example, from 0 to 3 dB, the only option is 4QAM with FEC = 1
2 rate and the system

will transmit with this scheme. However, until 8 dB there are two options, one is 4QAM

with FEC = 1
2 and other is 16QAM with FEC = 1

3 . The system will opt the previous one

since it has the better spectral efficiency. At the value close to 8 dB the SE performance of

16QAM with FEC = 1
3 crosses that of 4QAM with FEC = 1

2 and immediately the system

will switch to 16QAM with FEC = 1
3 . The dashed curve with maroon color represents the

SE performance of this system.

Table 4.1: Switching Threshold for Link Adaptation
Modulation
& FEC

M=0,
C=0

M=4,
C= 1

2

M=16,
C= 1

3

M=16,
C= 1

2

M=16,
C= 2

3

M=64,
C= 1

2

SNR (dB) 0 8.2 10.9 14.7 18.4 20.4

QoS requirements varies based on the applications. Voice data tolerates low BLER,

whereas file transfer application does not have strict BLER requirement. However, if some

QoS constraint is imposed to meet the requirement of particular application, the LA concept

described above will change slightly. For example if a system needs to maintain certain
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BLER, it first strictly considers the BLER requirement and upon meeting this condition

it considers the option which maximizes the SE performance. The Figure 4.3 shows the

threshold points when the system can change from one modulation and coding scheme to

another while maintaining the BLER constraint of 10−1. To maintain this QoS, the system

will not transmit until it reaches to 8 dB SNR even there was some SE much earlier. And

it will switch to the next modulation and coding rate only if BLER constraint is met.

Continuous blue curve in Figure 4.4 shows the performance of QoS constrained LA system.

4.2.1 LA with PAPR

OFDM signal, a expressed in Eq. 3.5 and whose PAPR is expressed by Eq. 3.4, is fed to the

input of the HPA. The output of the HPA depends on the nonlinearity parameter p given

by the equation 3.3. Output of the HPA can be written as:

y(t) = α · |x(t)|2 · ej∠x + n(t) = f(|x|2, α) (4.1)

where, α is an attenuation constant depending on power BO value and x(t) and n(t)

are uncorrelated.

Variance of the distortion caused by the amplifier is given by,

σ2
D = E[|x(t)|2 − f(|x|2, α)]. (4.2)

The SDNR can be expressed as:

SDNR =
f(|x|2, α)
σ2

D + σ2
w

(4.3)

where σ2
w is the variance of white gaussian noise.

For LA based system, threshold are the function of SNR distribution[37]. And since

the Eq.(4.3) clearly shows that the SDNR is function of α which depends on amount of

BO. So thresholds are also become dependent on α. This means the LUT, which contains

the threshold values for different modulation and coding rate at certain BLER constraints,

needs to be updated. For uncoded system, it is possible to obtain analytical expression
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for revised threshold. However, this is not applicable to coded system. Since almost all

practical system, as well as system under investigation, i.e. 3GPP-LTE and WiMAX, uses

FEC coding, analytical expression obtained for uncoded system will not be usable.

Therefore, computer based simulations are used in this work in order to find the

additional margin needed to update LUT for maintaining the QoS constraint.

4.3 Link Adaptation Algorithm

There are several LA algorithms available for OFDM systems. A very complex algorithm, is

derived in [38], which achieves high spectral efficiency. Another algorithm is designed in [39]

which is simpler in implementation but have lower throughput. The authors in [8] developed

an algorithm which has the highest possible throughput of the two algorithms referred, while

the complexity is between the two and is referred to as Simple Adaptive Modulation and

Power Distribution Algorithm (SAMPDA). In SAMPDA, greedy approach is used, but

unlike the Adaptive Power Distribution Algorithm (APDA) which starts from 0 power and

0 bits at the beginning, the algorithm is initiated with equal power for all sub-carriers. Then

by comparing received SNR with the SNR-lookup table, loaded bits for each subcarrier can

be found, and power required for each subcarrier is recalculated. Detailed performance

results related to SAMPDA can be found in [8][16].

SAMPDA algorithm has been used in this work with some minor modification. In

the original algorithm subcarrier based allocation with power redistribution was proposed.

However, in 3GPP-LTE subchannels are considered instead of subcarrier for all allocation.

A subchannel is formed by grouping few subcarriers together. So in this study an average

power of subcarriers in a subchannel is used. In the original algorithm after bit allocation

based on the expected received SNR, power of each subcarrier is reduced to the thresh-

old level and it was preserved in a power sink. Also the power initially assigned to the

subchannels that are excluded due to too bad condition is also added to the power sink.

Then another iteration was done to redistribute the power to the subcarriers if there was

any chance to increase the bit loading. To make the work simpler, power redistribution is

excluded in our work. The modified algorithm is shown in Figure 4.5
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Initialize
Parameters

Calculate the SNR, Initial modulation
and power distribution

P or no more

SubChannel
L T=P

Distribute the
bit loading

Reduce the Power to the threshold
level

Calculate the bits loaded in each
subchannel and STOP

Figure 4.5: Link Adaptation Algorithm
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4.4 Performance of LA based OFDM System

Performance of LA system has been investigated for both AWGN and fading channel. From

the basic BLER vs SNR curve for different BO values, the nature of performance degradation

can be found. The basic LUT is prepared from the basic BLER vs SNR curves. All the

result obtained for LA based system is for FEC= 1
2 . BLER threshold was set 0.1 for all

the simulations. Simulation is done for different combination of important parameter such

as power BO, SNR values etc to bring out the necessary measures that compensates for

the performance degradation. The detail result is presented and analyzed in the following

subsections.

4.4.1 CDF of PAPR for LA System

From the expression of cdf of PAPR as given in Eq. 3.7 and also from the Figure 3.3 [40] it

is clear that PAPR depends on the number for subcarrier. The link adaptation system used

in this work, first decides which sub channels have sufficient SNR to be selected for loading

bits. Thus when input SNR varies, number of subcarrier loaded during link adaptation

also varies. The relation between SNR and the number of loaded subcarriers can be found

in [16].

However, interestingly, the PAPR distribution for LA based system doesn’t show that

it varies with the variation of SNR. The Figure 4.6 shows the comparison for OFDM with

128 and 512 subcarrier for different scenarios. The basic curve for 128 and 512 subcarrier

is shown. Then LA system is simulated for 5 dB and 20 dB and for each case PAPR

distribution for the same number of subcarrier are shown. There is hardly any difference in

PAPR distribution recognizable between systems with and without LA though the number

of subcarrier loaded with bits varies significantly. The reason might be that high PAPR

occurs very rarely [8]. And when proportion of average power and maximum power changes

at the same level, PAPR distribution doesn’t change even the SNR varies a lot.
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Figure 4.6: PAPR distribution for LA based OFDM system

4.4.2 Performance in AWGN Channel

The first row of the Table 4.2 shows the threshold for different modulation level when BLER

constraint was set to 0.1. The Figure 4.7 shows the performance with the ideal scenario, i.e.

when amplifier distortion is not taken into account. It clearly satisfies the BLER constraint.

Figure 4.10 gives the corresponding SE performance. However when the power amplifier

distortion is taken into account, it fails to satisfy the required BLER constraint, even though

some back off power is employed which shifts the operating point to the more linear region.

This is evident from Figure 4.8 that the performance of LA system also depends on amount

of BO employed. With the same basic LUT, performance of the system with 5 dB BO

is worse than that of with 6 dB BO. The Figure 4.10 shows how severely the throughput

performance can affected if PAPR is not taken care properly.

If 10 dB of BO is employed then it can accommodate most of the high peaks and

performance is same as basic system as shown in Figure 4.7. However, this large amount of

power back off drastically reduce the coverage. Obviously it can not be taken as the solution

and some alternative method is required which compensates for the degradation. Section

4.2.1 suggests to modify the LUT by adding some extra margin which will compensate for
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Figure 4.7: Performance of LA system with basic LUT when no power amplifier is applied

Table 4.2: LUT with basic and updated values for system with FEC= 1
2 in AWGN Chan-

nel(Values in dB)
Power BO None QPSK 16QAM 64QAM

Ideal 0 5.1 11.6 17.3
6 0 5.1+0.5 11.6+0.9 17.3+2.9
5 0 5.1+0.8 11.6+1.5 17.3+7.1

the BLER degradation and thereby ensure maintaining the BLER constraint. The margin

will be different for different amount of back off power employed. Less the amount of BO,

more the distortion that results in more BLER performance degradation and hence more

amount of threshold is needed. The Table 4.2 shows the ideal scenario as well as the added

margin for non ideal cases with different BO power. And this is clear that more margin is

needed if less BO is employed.

The Figure 4.9 shows that the system satisfies the QoS constraint when additional

margin to the threshold is provided.. And the Figure 4.10 shows that spectral efficiency

performance is restored to nearly the performance of the basic system.

There exists a zigzag nature in the curves in Figure 4.9 and in Figure 4.8 when HPA

was used. This is due to the power adaptation algorithm used in the system. For each
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Figure 4.8: Performance of LA system with basic LUT when power amplifier is applied
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Figure 4.10: Spectral Efficiency comparison for LA system with and without PAPR con-
sideration

subchannel, SNR is measured and checked which modulation scheme threshold it satisfies.

And power for that subchannel is reduced to the threshold level. However, reducing power

of the subchannel is in a way backing off power by certain amount which means it operates

more in linear region that definitely improves the BLER performance. For two different

operating SNR, amount of power reduction is different and therefore BLER performance

for same LUT is different accordingly. Thats why the zigzag nature is found in the figure.

4.4.3 Performance in Fading Channel

The discussion and results presented so far is based on AWGN channel. To use the results

found for AWGN channel into the real system, it is very important to investigate the

performance in the fading channel.

The study of link adaptation system is not so straight forward as in AWGN channel.

For AWGN channel, there is no difference between PRE−SNR and POST−SNR. So adap-

tation based on the PRE-SNR was quite easy. Mostly it followed the BLER performance

at different BO as found in the basic simulations.

In the previous chapter it was mentioned clearly how the performance based on
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Table 4.3: LUT with basic values for system with FEC = 1
2 in Fading Channel(Values in

dB)
Power BO None QPSK 16QAM 64QAM

Ideal 0 8.46 14.76 20.58

POST−SNR is calculated. For link adapted system, for each PRE−SNR, subchannels can

be loaded with different modulation rate depending on the estimated POST−SNR. In this

case three different PRE−SNR 10, 20 and 25 dB were chosen. Finally calculations for

different performance measures were done based on the received SNR.

To comply with the standard of 3GPP−LTE, subcarriers were grouped into sub-

channels. It is possible for the subcarriers of the same subchannel may experience some

different fade. However, during measurement of the received SNR, an average of all the

subcarriers in a subchannel were used. Definitely, there has been some inaccuracy due to

averaging of information.

The table 4.3 shows the threshold of the basic system. System performance using

the basic thresholds are shown in Figure 4.11 and 4.12 when 6 dB and 4 dB of BO was

employed respectively. In both the cases system fails when 20 dB and 25 dB of transmit

SNR was used and system satisfies when 10 dB of transmit SNR was used. Then using trial

and error method, additional margins to satisfy the BLER constraint has been brought out.

The Table 4.4, 4.5 and 4.6 gives the new LUT with additional margin required to satisfy the

BLER constraint for 10, 20 and 25 dB of PRE−SNR. The performances with the revised

LUT are shown in Figure 4.13 and 4.14.
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Figure 4.11: Performance of LA system with basic LUT for 6 dB of BO power
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Figure 4.12: Performance of LA system with basic LUT for 4 dB of BO power
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The above results give an interesting insight to the problem. When 10 dB of

PRE−SNR was employed, which is slightly higher than the the switching threshold for

4QAM, the most of the subcarriers are loaded with 4QAM and few of the subcarrier may

experience very good channel and are loaded with 16QAM. As seen from the performance

presented in previous chapter that 4QAM is not that much affected by HPA so it satisfies

the BLER level and the very few channels which are loaded with 16QAM are really good

channel. So they also satisfy the performance and hence no additional margin is required.

Now for 20 dB of PRE−SNR, most of the subchannels are likely to be loaded with

16QAM and those experiencing very good channel conditions are loaded with 64 QAM.

And the subchannels which experiences extremely worse channel condition get loaded with

4QAM. Even though they were loaded with 4QAM, due to their extremely bad channel

condition, they are failed to satisfy the constraint. Hence, some additional margin is needed.

And for 16QAM modulations due to HPA effect, they fails to meet the target BLER. And

it can be seen from the Figure 4.13 and 4.13 that with additional margin they satisfy the

BLER requirement. Since only very good subchannels are loaded with 64QAM, they meet

the target BLER. The higher the BO, lower the additional margin required.

For 25 dB of PRE−SNR, it follows the same pattern but more margin is needed

for different modulation scheme as compared to that of 20 dB PRE−SNR. The results

give a very interesting insight to the problem. Depending on the PRE−SNR, the required

threshold for switching of LA system changes. Also it is very tough to get the accurate

solution for LA system when subchannels are considered instead of subcarriers. Because

with the same average subchannel SNR, subcarriers of different subchannel may experience

different fade and therefore the behavior will also be different which makes the decision

extremely difficult. So, to make the system satisfy a set of LUT is required for different

transmit SNR.

Table 4.4: LUT with updated values for system with FEC = 1
2 and PRE−SNR of 10 dB in

Fading Channel(Values in dB)
Power BO None QPSK 16QAM 64QAM

6 0 8.46+0 14.76+0 20.58+0
4 0 8.46+0 14.76+0 20.58+0
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Figure 4.13: Performance of LA system with revised LUT for 6 dB of BO power
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Figure 4.14: Performance of LA system with revised LUT for 4 dB of BO power

Table 4.5: LUT with updated values for system with FEC = 1
2 and PRE−SNR of 20 dB in

Fading Channel(Values in dB)
Power BO None QPSK 16QAM 64QAM

6 0 8.46++1.75 14.76+0.3 20.58+0
4 0 8.46+2.5 14.76+0.5 20.58+0
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Table 4.6: LUT with updated values for system with FEC = 1
2 and PRE−SNR of 25 dB in

Fading Channel(Values in dB)
Power BO None QPSK 16QAM 64QAM

6 0 8.46+2.5 14.76+1.65 20.58+0
4 0 8.46+4.0 14.76+1.75 20.58+0.5

4.5 Conclusion

The above results for LA performance justifies the necessity of modifying existing LA al-

gorithm in order to maintain the QoS. So, PAPR issue should be taken care properly. In

this work only FEC= 1
2 is considered. Results can be obtained for all other code rates in

the same way. The LA system performance study considerng PAPR in fading channel is

extremely difficult due consideration of subchannels instead of subcarrier as in 3GPP−LTE

standard. To get the accurate measures, all the impairments PAPR, ICI, feeback delay

etc. need to be considered together. With the modified algorithm that finds the additional

margin and updates the LUT to make the system maintain the BLER threshold we can

generate several LUT for different combination of back off power and coding rate at different

transmit SNR and use them where they fit best.
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Chapter 5

Conclusion

5.1 Summary

The basic challenge of designing an efficient wireless system is to maintain certain quality

of service by overcoming wireless channel fluctuations. All the impairment present in the

system as well as in the environment should be considered very carefully. The Link adap-

tation techniques for OFDM based system needs to consider PAPR since it hampers the

performance. The cumulative distribution function of PAPR in OFDM signal was studied

in the beginning to see the nature of PAPR in OFDM symbol.

For both AWGN and Fading channel, performance was studied in terms of BER,

BLER, Spectral Efficiency. In order to show the importance of PAPR consideration during

design of ink adaptation, a basic comparison has been done by simulating a system with

HPA and without HPA. It shows significant performance difference exists in terms of BLER

and Spectral Efficiency. Then impact of different power BO has also been studied. Power

BO helps to reduce the effect of HPA by shifting operating point more to the linear region.

With 10 dB of BO value, it is found that the nonlinear distortion is almost completely

removed and it performs like a basic system. However, implementation of this large BO

reduces the coverage drastically. All the basic performance is investigated for both AWGN

and fading channel. Coded and uncoded system performance is also compared. FEC rate

of 1
2 , 1

3 and 2
3 has been studied in conjunction with modulation scheme of 4−,16− and 64−

QAM.
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Based on all of the above basic results we then investigated the performance existing

algorithm of link adaptation systems. We found the existing system fails to maintain

the target BLER which results in severe spectral efficiency degradation at high SNR. We

proposed some modification of existing algorithm that modifies the LUT which was prepared

based on the existing algorithm. When some additional margin is added to the LUT, the

system again satisfies the target BLER and thereby maintains nearly the same spectral

efficiency as of the basic system. Also we generated total degradation curves to find out

the optimum power BO for each modulation and coding. With the consideration of PAPR

now the system performance is quite satisfactory

5.2 Further Work

Since only a little attention is given to LA system with PAPR consideration, in a lot of

ways this work can be further extended.

Quite a number of methods have been proposed so far to reduce the PAPR [7]. How-

ever, these methods also introduce some BER or BLER degradation. The main advantage

of baseband processing is easier processing of signal in baseband than in RF domain.

Since the introducing BO means reduction in cell coverage. The study can be further

extended to find out the impact on link adaptation considering cell coverage.

It would be an interesting area to investigate how this system performs in conjunction

with different PAPR reduction mechanism. It may come out that some reduction mechanism

along with the updated table gives better performance in terms of cell coverage, spectral

efficiency and maintaining target BLER. In our work standard we followed was 3GPP-LTE.

Since WiMAX proposes scalable OFDMA and support for distributed subcarrier allocation

per subchannel, it offers a wide area to explore the impact of PAPR on link adaption in

WiMAX like sytem.

The study was carried out with a fixed doppler frequency of 50 Hz. A comparative

study can be done to find out the impact of different user speed. All other impairments can

be combined together to get the big picture of LA system performance considering all the

impairments.
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The impact of PAPR on OFDM based 3GPP-LTE and WiMAX like systems can be

incorporated with resource allocation algorithms to investigate how it affects overall system

performance.
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Figure A.1: BLER vs SNR curve for C = 1
3 and M= 4 in AWGN
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Figure A.3: BLER vs SNR curve for C = 1
3 and M= 16 in AWGN
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3 and M= 16 in AWGN
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0 5 10 15 20
0

0.1

0.2

0.3

0.4

0.5

POST−SNR (dB)

SE
 (

b/
s/

H
z)

M=4, BO=10

M=4, BO=9

M=4, BO=8

M=4, BO=7

M=4, BO=6

M=4, BO=5

M=4, BO=4

M=4, BO=3

M=4, BO=2

M=4, BO=1

Figure A.10: Spectral Efficiency vs SNR curve for C = 1
3 and M= 4 in Fading Channel

Faisal Tariq



88 Chapter A. BLER and SE performance for Coded System

0 5 10 15 20 25 30
−4

−3.5

−3

−2.5

−2

−1.5

−1

−0.5

0

POST−SNR (dB)

lo
g 10

(B
L

E
R

)
M=16, BO=10

M=16, BO=9

M=16, BO=8

M=16, BO=7

M=16, BO=6

M=16, BO=5

M=16, BO=4

M=16, BO=3

M=16, BO=2

M=16, BO=1

Figure A.11: BLER vs SNR curve for C = 1
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Figure A.12: Spectral Efficiency vs SNR curve for C = 1
3 and M= 16 in Fading Channel
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Figure A.13: BLER vs SNR curve for C = 1
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Figure A.15: TD plot for FEC = 1
3 with BLER Threshold= 0.1 in Fading Channel
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Figure A.16: TD plot for FEC = 1
3 with BLER Threshold= 0.05 in Fading Channel
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Figure A.17: BLER vs SNR curve for C = 2
3 and M= 4 in AWGN
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Figure A.19: BLER vs SNR curve for C = 2
3 and M= 16 in AWGN
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Figure A.20: Spectral Efficiency vs SNR curve for C = 2
3 and M= 16 in AWGN
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Figure A.21: BLER vs SNR curve for C = 2
3 and M= 64 in AWGN
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Figure A.22: Spectral Efficiency vs SNR curve for C = 2
3 and M= 64 in AWGN
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Figure A.23: TD plot for FEC = 2
3 with BLER Threshold= 0.1 in AWGN
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Figure A.24: TD plot for FEC = 2
3 with BLER Threshold= 0.05 in AWGN
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Figure A.25: BLER vs SNR curve for C = 2
3 and M= 4 in Fading Channel
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Figure A.26: Spectral Efficiency vs SNR curve for C = 2
3 and M= 4 in Fading Channel
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Figure A.27: BLER vs SNR curve for C = 2
3 and M= 16 in Fading Channel
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Figure A.28: Spectral Efficiency vs SNR curve for C = 2
3 and M= 16 in Fading Channel
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Figure A.29: BLER vs SNR curve for C = 2
3 and M= 64 in Fading Channel
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Figure A.30: Spectral Efficiency vs SNR curve for C = 2
3 and M= 64 in Fading Channel
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Figure A.31: TD plot for FEC = 2
3 with BLER Threshold= 0.1 in Fading Channel
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Figure A.32: TD plot for FEC = 2
3 with BLER Threshold= 0.05 in Fading Channel
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Figure B.1: BER vs SNR curve for C = 1
3 and M= 4 in AWGN
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Figure B.2: BER vs SNR curve for C = 1
3 and M= 16 in AWGN
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Figure B.3: BER vs SNR curve for C = 1
3 and M= 64 in AWGN
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Figure B.4: BER vs SNR curve for C = 1
2 and M= 4 in AWGN
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Figure B.5: BER vs SNR curve for C = 1
2 and M= 16 in AWGN

10 15 20 25 30 35 40
−7

−6

−5

−4

−3

−2

−1

0

POST−SNR (dB)

lo
g 10

(B
E

R
)

 

 

M=64, BO=10
M=64, BO=8
M=64, BO=6
M=64, BO=5
M=64, BO=4
M=64, BO=3
M=64, BO=2
M=64, BO=1
M=64, BO=0

Figure B.6: BER vs SNR curve for C = 1
2 and M= 64 in AWGN
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Figure B.7: BER vs SNR curve for C = 2
3 and M= 4 in AWGN
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Figure B.8: BER vs SNR curve for C = 2
3 and M= 16 in AWGN
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Figure B.9: BER vs SNR curve for C = 2
3 and M= 64 in AWGN
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Figure B.10: BER vs SNR curve for C = 1
3 and M= 4 in Fading Channel
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Figure B.11: BER vs SNR curve for C = 1
3 and M= 16 in Fading Channel
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Figure B.12: BER vs SNR curve for C = 1
3 and M= 64 in Fading Channel
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Figure B.13: BER vs SNR curve for C = 1
2 and M= 4 in Fading Channel
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Figure B.14: BER vs SNR curve for C = 1
2 and M= 16 in Fading Channel
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Figure B.15: BER vs SNR curve for C = 1
2 and M= 64 in Fading Channel
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Figure B.16: BER vs SNR curve for C = 2
3 and M= 4 in Fading Channel
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Figure B.17: BER vs SNR curve for C = 2
3 and M= 16 in Fading Channel
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Figure B.18: BER vs SNR curve for C = 2
3 and M= 64 in Fading Channel
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