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ABSTRACT

Orthogonal Frequency Division Multiplexing (OFDM) is a multicarrier modulation
technique which is robust against multipath fading and very easy to implement in
transmitters and receivers using the inverse fast Fourier transform and the fast Fourier
transform. A guard interval using cyclic prefix is inserted in each OFDM symbol to avoid
the inter-symbol interference. This guard interval should be at least equal to, or longer
than the maximum delay spread of the channel to combat against inter-symbol

interference properly.

In coherent detection, channel estimation is required for the data detection of OFDM
systems to equalize the channel effects. One of the popular techniques is to insert pilot
tones (reference signals) in OFDM symbols. In conventional method, pilot tones are
inserted into every OFDM symbols. Channel capacity is wasted due to the transmission
of a large number of pilot tones. To overcome this transmission loss, incoherent data
detection is introduced in OFDM systems, where it is not needed to estimate the channel
at first. We use differential modulation based incoherent detection in this thesis for the
data detection of OFDM systems. Data can be encoded in the relative phase of
consecutive OFDM symbols (inter-frame modulation) or in the relative phase of an
OFDM symbol in adjacent subcarriers (in-frame modulation). We use higher order
differential modulation for in-frame modulation to compare the improvement of bit error
rate. It should be noted that the single differential modulation scheme uses only one pilot

tone, whereas the double differential uses two pilot tones and so on. Thus overhead due



to the extra pilot tones in conventional methods are minimized and the detection delay is
reduced. It has been observed that the single differential scheme works better in low
SNRs (Signal to Noise Ratios) with low channel taps and the double differential works
better at higher SNRs. Simulation results show that higher order differential modulation
schemes don’t have any further advantages. For inter-frame modulation, we use single
differential modulation where only one OFDM symbol is used as a reference symbol.
Except the reference symbol, no other overhead is required. We also perform channel
estimation using differential modulation. Channel estimation using differential
modulation is very easy and channel coefficients can be estimated very accurately
without increasing any computational complexity. Our simulation results show that the
mean square channel estimation error is about 1072 at an SNR of 30 dB for double
differential in-frame modulation scheme, whereas channel estimation error is about 10~*
for single differential inter-frame modulation. Incoherent data detection using classical
DPSK (Differential Phase Shift Keying) causes an SNR loss of approximately 3 dB
compared to coherent detection. But in our method, differential detection can estimate the
channel coefficients very accurately and our estimated channel can be used in simple
coherent detection to improve the system performance and minimize the SNR loss that

happens in conventional method.
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CHAPTER 1
INTRODUCTION

In this chapter, the evolution of OFDM systems and its applications are introduced at
first. After discussing the basic concept behind the multicarrier OFDM systems, our

objectives and organization of this thesis are discussed.

1.1 History of OFDM Systems

Over the last decade wireless industries have had a rapid growth so that they can meet
the demand of high transmission rates for voice, data, graphical images and videos. More
attention has been given to improve the services for mobile wireless telecommunication
users rather than wired networks for the last couple of years. At present, low bit-rate data
services are available for mobile users with voice. However, the demand for wireless
broadband multimedia communication systems (WBMCS) is increasing both in public
and private sectors. Generally, the mobile radio channel is characterized by multipath
reception. The received signal contains not only a direct line of sight (LOS) radio wave
but also a large number of reflected radio waves that arrive at the receiver at different
times. These reflected waves are the delayed versions of the original signal which reflects
from trees, hills, mountains, vehicles or buildings. These delayed waves interfere with the
direct wave (LOS) and introduce inter-symbol interference (1SI), which causes significant
degradation of network performance. Any wireless network should be designed so that it

can minimize this adverse effect.



For broadband multimedia mobile communication systems, high bit-rate transmission
of up to several megabits per second (Mbps) is required. High rate digital data
transmission with several Mbps will increase the delay time for the delayed waves, which
may become greater than the duration of a data symbol. At the receiving end, there is a
need to separate the present data symbol from the delayed waves of the previous
symbols. One of the solutions for this problem is to use adaptive equalizer at the
receiving end. However, there are some limitations due to the complexity of algorithms
when operating these equalizers in high speed data transmission systems. For example,
the Maximum likelihood (ML) detection of the transmitted symbols can be implemented
using the Viterbi algorithm. But the complexity of the ML algorithm grows exponentially
with the number of channel taps [28]. One practical problem is to build these equalizers
in compact form with low cost hardware [5]. For the mitigation of multipath fading
effects with low complexity and to achieve wireless broadband multimedia
communications, the orthogonal frequency division multiplexing (OFDM) transmission
scheme has been proposed by the Institute of Electrical and Electronics Engineers
(IEEE). OFDM is a multicarrier communication scheme for parallel data transmission.
OFDM can reduce the complexity of the equalization scheme. In a typical OFDM
system, the broadband is partitioned into many orthogonal subcarriers for parallel data
transmission. The data rate for each subcarrier is lowered by a factor of N for a system of
N subcarriers. This narrowband flat fading channel makes OFDM systems more robust
against multipath fading effects. All the subcarriers overlap with each other but remain
orthogonal for one complete period. Cyclic prefix is used as a guard interval in OFDM

symbols to avoid ISI. Typically, the last portion of an OFDM symbol is repeated in front



of that symbol to create the guard interval. This guard interval should be at least equal to
or longer than the maximum delay spread of the channel to avoid ISI. This cyclic prefix
IS easy to use but it will reduce the transmission efficiency in an OFDM symbol. For a

system of N subcarriers, if N, data are repeated as a cyclic prefix, reduced transmission

.. . N
efficiency will become :
N+Ng

The concept of OFDM using parallel data transmission is not new. It was first
introduced in mid-1960’s, based on multicarrier modulation techniques. OFDM systems
remained unpopular until early of 1970’s due to the requirements of large array signal
generator as well as coherent demodulators at the receiving end. In 1971, Weinstein and
Ebert brought the discrete Fourier transform (DFT) and inverse DFT (IDFT) into OFDM
systems as part of modulation and demodulation purposes, which made multicarrier
modulation applications very popular [29]. Later, the use of the fast Fourier transform
(FFT) and inverse FFT (IFFT) made the advancement of OFDM systems easier. Using
this method, both transmitter and receiver are implemented with efficient FFT techniques

that reduce the number of operations from N2 in DFT to the order of N log N [2].

Current wireless technologies such as wireless global area networks (WGANS),
wireless wide area networks (WWANS), wireless local area networks (WLANS), wireless
personal area networks (WPANSs) and wireless broadband personal area networks (WB-
PANSs) have made a tremendous impact on wireless industries. OFDM based modulation
is used in the physical layer (PHY) for data transmission for almost all of these

technologies.
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Fig. 1.1 Global wireless standards [5]

OFDM based modulation techniques have been proposed for IEEE 802.16 (WiMAX).
The IEEE 802.16 standard is a wireless technology proposed which can revolutionize the
broadband wireless access industry [3]. It is designed to provide services for the last mile
broadband access in the Metropolitan Area Networks (MAN). The early versions of IEEE
802.16 standard employ a point to multipoint (PMP) architecture in 10-66 GHz, but the
problem is the requirement of line of sight towers. The IEEE 802.16a extension does not
require line of sight transmissions and works in relatively lower band of frequencies, i.e.,

2-11 GHz. This can provide services up to 31-50 miles range with 70 Mbps data transfer



rates in the form of point to multipoint and mesh technologies [3]. IEEE 802.20 will be

another standard of WiMAX to provide services in wide area networks.

1.2 OFDM Application in Digital Broadcasting

Multicarrier modulation has been used in Europe for broadcasting of digital signal for a
long time. European standardization committee has adopted OFDM as the method of
choice for the modulation of signals in several applications of digital audio and digital
television, both for terrestrial and satellite transmission [33]. Coded orthogonal frequency
division multiplexing (COFDM) has also been proposed for digital video broadcasting
terrestrial (DVB-T). Digital video broadcasting services cover more than digital
television. The wireless video covers the applications such as multimedia mobile and
wireless data services. Multipath propagation is a major problem for a terrestrial
broadcasting channel. Robust modulation schemes are required to mitigate the strong
interference in channels. COFDM is suitable to combat against strong multipath fading.
Proper arrangement of pilot signals in time and frequency slots in OFDM symbols

provides an acceptable performance in mobile multimedia communication.

1.3 OFDM Based Multiple Access Techniques

Frequency spectrum is a shared resource among users, and needs an appropriate
allocation technique so that each user can have a unique access. Spectrum becomes
crowded because of the large demand for frequency allocation and a large number of
users try to access the channel simultaneously. OFDM based multiple access techniques
and hybrid systems have also been proposed. These hybrid systems can minimize the

5



impact of interference and efficiently use the frequency spectrum. In this section, we

discuss about OFDM based multiple access techniques.

Frequency division multiple access (FDMA) divides the available bandwidth into many
sub-channels and each sub-channel is assigned to a specific user. If all sub-channels are
occupied, the next call cannot be placed until a channel is available. Channels are non-
overlapping and guard intervals are used between two consecutive channels, which is a
waste of available bandwidth. This technique is efficient if the network size is small but
creates problems if the network size exceeds the number of available channels. OFDM-
FDMA systems split the entire band into many sub-channels. Adaptive bit-loading is
possible in each subcarrier which assigns different modulation schemes in order to

allocate different number of bits to each subcarrier.

In time division multiple access (TDMA), the time frame is divided into slots. An
integer number of time slots is assigned to each user. This allows each user to use the
whole spectrum for a particular time interval. In TDMA methods, the frequency
allocation is easier. Moreover, power requirements are low. Overhead is required in every
frame for synchronization problem. In OFDM-TDMA systems, a particular user uses all
subcarriers within the predetermined TDMA time interval. WLAN based systems have
been developed using OFDM-TDMA technology, where each user uses OFDM

modulation for data transmission.

The OFDM modulation technique has also been proposed to use with code division
multiple access (CDMA\) as a hybrid system. CDMA is a spread spectrum technique that

uses direct sequence spread spectrum. Frequency spectrum is divided both in the time and



the frequency directions. All users in CDMA can use the whole channel for the entire
time. In CDMA, narrow-band signals are multiplied by spreading signals, which are
pseudo-noise code sequences with higher rates. Each code is unique and the destination
can recover the message using the correct code sequence. In frequency-selective fading
channels, orthogonality of codes is not guaranteed due to the inter-chip interference. In
order to suppress this interference, OFDM properties are combined with the use of
CDMA techniques. The longer OFDM symbol duration will greatly decrease the problem

of acquiring synchronization of the spreading code in the receiver [3-5].

Orthogonal frequency division multiple access (OFDMA) is another promising scheme
that attracted lot of interests. OFDMA is based on OFDM and shows robustness against
inter-symbol interference in frequency-selective fading channels. One class of OFDMA
systems is flash-OFDM, where the subcarriers are distributed among the mobile stations.
Flash-OFDM uses fast hopping across all tones in a predetermined pattern. With fast
hopping, one user uses one tone in an OFDM symbol and different tone in the next
OFDM symbol. Flash-OFDM provides higher data rates when it is close to the base

stations as different tones in an OFDM symbol could be modulated differently [3].



1.4 Objective of this thesis

Multicarrier modulation is a strong candidate for packet switched wireless applications
and offers several advantages over single carrier systems. OFDM systems are viable
solutions for achieving high data rates. Data transmission in wireless environments
experiences delay spread which we have already discussed. In a single carrier system, an
equalizer handles this detrimental effect for the delay spread. If the delay spread increases
beyond the duration of one symbol, maximum likelihood sequence estimator structure is
not easily implementable because of its exponentially increasing complexity [5].
Decision feedback type equalizers are also used in single carrier systems. The number of
taps of the equalizer should be enough to cancel out the inter-symbol interference. One
major problem for this type of equalizer is that the equalizer coefficients should be
trained for every packet as the channel characteristics are different for each packet. A
large overhead is required for this purpose. In multicarrier OFDM systems, this type of
training sequence is not required. However, channel estimation is required for coherent
data detection. Channel estimation is not an easy task in OFDM systems for proper data
detection. A large number of techniques have already been proposed for channel
estimation that we will discuss in later chapters in this thesis. The most popular technique
is to assign pilot tones in OFDM symbols and channel estimation is performed based on
those pilot tones at the receiving end for proper data detection. Pilot tones are generally
inserted into the subcarriers of an OFDM symbol or in the consecutive OFDM symbols
with a specific period. Channel capacity is wasted due to extra pilot tones in OFDM

symbols.



In many applications of wireless communication, the channel introduces distortions and
makes it hard to estimate the channel. In such situations, differential detection has been
proposed for the data detection, where it is not needed to estimate the channel. In this
thesis, we applied differential modulation both in frequency direction (in-frame) and time
direction (inter-frame) for the data detection of OFDM systems. One of the advantages of
differential detection is that it is very easy to implement with lower computational
complexity but it can estimate the channel very accurately and it can improve the bit error

rate (BER) performance for the estimated channel.

1.5 Methodology

We apply a semi-blind approach for the data detection using in-frame differential
modulation. At first, we apply single differential modulation for the data detection and
then we apply higher order differential modulations to investigate the performance
improvements. It should be mentioned that in the in-frame modulation scheme, single
differential uses only one pilot tone, whereas the double differential modulation scheme
uses two pilot tones, and so on. Thus, overhead due to the reference symbols in
conventional methods are minimized and the detection delay is reduced. We also apply
differential modulation in consecutive OFDM symbols for the inter-frame modulation
scheme to investigate the performance. In the inter-frame differential modulation scheme,
only the first OFDM symbol is used for reference and no other symbols are used for pilot
insertions. We use the double differential in-frame and the single differential inter-frame

modulation scheme for channel estimation. We then use estimated channels iteratively in



our data detection process to improve the BER performance. We will show some results

in later chapters.

1.6 Thesis Organization

In chapter 2, we discuss some of the benefits of the OFDM systems and provide basic
block diagram for a typical OFDM systems. We discuss the block diagram, and then we

show how to add cyclic prefix. We also discuss frequency-selective fading channels.

In chapter 3, differential OFDM systems are described. At first, we apply differential
modulation in single carrier systems, where channels without memory have been used.
Later, we show the block diagram for a differential OFDM system, where we use
channels with memory (consists of more than one channel taps). The block diagram for
differential encoder and decoder are shown and their working principles are then
discussed. Both the in-frame and inter-frame differential modulation have been used. We
also discuss about channel estimation in this chapter. At the last part of this chapter, we
show least squares based technique for channel estimation, where data symbols of higher

energy are used from an OFDM symbol.

In chapter 4, we show our simulation results. For the in-frame modulation, we apply
higher order differential including single differential modulation to investigate the system
performance. As double differential modulation scheme works better in high SNRs, we
apply double differential for channel estimation. For the inter-frame modulation, we use

single differential modulation scheme. BER performance and channel estimation error

10



comparison are also shown in this chapter. At last, we show performance improvement

for the both modulation schemes using iterative techniques.

Chapter 5 gives the concluding remarks and suggestions for future study.
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CHAPTER 2
OFDM SYSTEMS ARCHITECTURE

2.1 Introduction

Orthogonal Frequency Division Multiplexing (OFDM) is a multi-carrier
modulation technique that divides the available spectrum into several subcarriers, each
one being modulated by a low data rate stream. The concept of OFDM came from the
multi-carrier modulation and demodulation technique. A simple multi-carrier
communication system is the frequency division multiplexing (FDM) or multi-tone. In
FDMA, each single channel is allocated for a specific user. The bandwidth allocation for
each channel is typically 10 KHz — 30 KHz for voice communications where the
minimum requirement for the speech signal is only 3 KHz [6]. The extra bandwidth is
used for the guard interval to prevent channels from interfering each other. Therefore, a
large portion of the bandwidth is wasted due to the extra spacing between channels. This
problem becomes even worse when the channel bandwidth is narrow. OFDM can
overcome this problem by dividing the available bandwidth into many orthogonal
narrow-band channels. As all of the channels are orthogonal to one another their
bandwidth can overlap, and thus the extra spacing between the adjacent channels can be
eliminated. Bandwidth allocation for FDMA and OFDM are shown in Fig. 2.1 and Fig.

2.2.

12
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Fig. 2.2 Frequency spectrum of OFDM systems

Orthogonality of subcarriers is illustrated in Fig. 2.3. The spectrum of each carrier has a
null at the center frequency of other carriers, thus there will be no interference between

different carriers. Note that signals ®; and ®,,,, are orthogonal if

¢, forl=m

0, forl#m (2.1)

fi @1 (0@" (0 de = |

where c is a constant. The frequency spectrum of OFDM signal is shown in Fig. 2.4.
Each of the carrier frequencies has a narrow band and provides a low data rate resulting

in a high tolerance to multipath delay spread.
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Fig. 2.3 An OFDM system using four orthogonal subcarriers

Fig. 2.4 Frequency spectrum of an OFDM signal with five subcarriers

2.2 OFDM Signal Generation

Next, we discuss the baseband representation of OFDM signals. In OFDM systems,

total bandwidth is subdivided into N orthogonal subcarriers which are modulated by

14



separate low data rate streams. The number of subcarrier N is equal to 64 in IEEE802.11a

(WLAN) [3]. Each of the baseband subcarriers can be expressed as:
Py (t) = /2t (2.2)

where f, is the frequency of the k™ subcarrier. An OFDM symbol consisting of N

subcarriers is expressed as [1]:
S() = <IN D), 0 <t <NT, (2.3)

here x, is the k™ data symbol taken from the baseband modulated signal constellation,
NT is the OFDM symbol length and T; is the sampling time. The frequency of each

subcarrier is given by
fy = — (2.4)
where k is the subcarrier index.

Replacing @, (t) in (2.3) and sampling at the frequency Ti , the discrete version of (2.3)

will become:

j2mkn

S(nTy) =< Shgxxe 8, 0<n<N-1 (2.5)

A close observation reveals that (2.5) is nothing but an inverse discrete Fourier transform
(IDFT) of the constellation symbols xi. Thus, the discrete Fourier transform (DFT) can

be utilized in the receiver for the demodulation of OFDM signals.
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2.3 Basic Block Diagram
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Fig. 2.5 Basic block diagram for OFDM systems

Fig. 2.5 shows the basic block diagram for OFDM systems. The binary high speed data
is first grouped and mapped into complex data in the signal mapper. Generally,
quadrature amplitude modulation (QAM) or phase shift keying (PSK) is used. These
complex data are converted into parallel using a serial to parallel converter, where the
number of parallel paths is equal to the number of subcarriers. The parallel data is
modulated using the inverse discrete Fourier transform operation. Guard interval (Gl) is
used in each of the OFDM symbol to combat the inter-symbol interference (I1SI). The
parallel data is then serially transmitted through the frequency-selective fading channel in
additive white Gaussian noise (AWGN) environment. At the receiver, reverse processes
are employed. The noise corrupted serial data is converted into parallel and then the
guard interval is removed from each of the OFDM symbols. Discrete Fourier transform
(DFT) is applied to transform the time domain signal into frequency domain. After

channel effects are compensated, the complex baseband signal is obtained and
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demodulation is applied to get the output binary data. Each of the blocks in Fig. 2.5 is

explained in the next section.

2.3.1 QPSK Modulation

Quadrature phase shift keying (QPSK) has been used throughout this thesis. The term
“quadrature” implies that there are only four possible phases which the carrier can have at
a given time. This is why, this type of modulation is sometimes called 4-PSK modulation.
In QPSK, carrier is varied in phase while the amplitude and frequency are kept constant.
Constellation diagram is shown in Fig. 2.6, where four phases are labeled {A, B, C, D}
corresponding to one of {0, 90, 180, 270} degrees phase change. Since there are four

possible phases, 2 bits of information are conveyed in each time slot.

Y
==

Fig. 2.6 Signal constellation diagram for QPSK
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Table 2.1 Signal Mapping

Phase (Degrees) State Binary data
0 A 00
90 B 01
180 C 11
270 D 10

2.3.2 IDFT/DFT

At the transmitter parallel data are stacked up into frames, each frame is converted into
time domain using the inverse discrete Fourier transform (IDFT). At the receiving end,
DFT is applied to obtain frequency domain signal. So IDFT/DFT is the most critical part
in OFDM systems where OFDM modulation and demodulation are performed. DFT for a

finite length sequence of length N is defined as [2]:
X(K) =YNAxmwgr ;. K=01,.., N—1 (2.6)
where Wy = e"jzﬁn.

The inverse discrete Fourier transform is given by [2]:
x(n) = < IRZEX(OWR™ , n=01,.., N—1 2.7)

It should be mentioned that both x(n) and X(K) can be complex number. Equation (2.6)
indicates that N complex multiplications and N — 1 complex additions are required for

the computation of each value of the DFT. To compute N values of DFT, it will require

18



N2 complex multiplications and N(N — 1) complex additions. Direct computation of
DFT using (2.6) is inefficient. Utilizing the symmetry and periodicity properties of the
phase factor Wy, as given below, the DFT can be efficiently calculated through the fast

Fourier transform algorithm.

K+
Symmetry property: Wy, ? = —WX (2.8)
Periodicity property: WE+N = wX (2.9)

The FFT algorithm is based on decomposing the sequence x(n) into successively smaller
subsequences both in time domain and frequency domain. Here, we will only discuss the
decimation-in-time algorithm, where the DFT length N is normally an integer power of 2,

i.e., N =2P. As N is an even integer, we can compute X(K) by separating x(n) into two
(g) point sequences. One part will contain the even-numbered points of x(n) and the

another part will contain odd-numbered points of x(n).
X(K) = Zn even X(n)WI{IIK + Zn odd X(n)WI{IIK (2-10)
After simple calculations, it can be shown that

-1 -1

N N
X(K) = ¥2_, x(r) Wi + WE 32_ 'x(2r + 1) W*
2 2

= G(K) + WEH(K), K=01,.., N—1 (2.11)

Each of the sums in the above equation is an g -point DFT. Implementation of (2.11) is

shown below, where N = 8.
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Fig. 2.7 Decimation in time decomposition of an 8-point DFT into two 4-point DFT [2]

If N = 2P, where p is any integer, then the decomposition can be done for p = log, N
times. Thus, the number of complex multiplications and additions is of the order

Nlog, N [2].
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2.3.3 Inter-carrier Interference (IClI)

Despite robustness against multipath fading channels, OFDM systems often suffer from
carrier frequency offsets. Frequency offset occurs due to the unmatched local oscillators
at the transmitter and the receiver. Therefore, subcarriers can be shifted from their
original positions and the receiver experiences non-orthogonal signals. The loss of
orthogonality introduces inter-carrier interference (ICI) at the receiver, which severely

degrades the system performance.

Transmission of a signal through time-variant channel also destroys the orthogonality
of subcarriers and introduces ICI. Due to this ICI, OFDM systems become very sensitive
to frequency offsets and degrade the achievable bit error rate (BER) performance.
Frequency offset correction techniques for OFDM systems can be classified into two
categories: data aided and non-linear techniques. In data aided techniques, known bit
patterns or pilot tones are inserted in OFDM symbols to estimate the timing or frequency
offsets. On the other hand, cyclostationarity characteristics of the signal are utilized in

non-linear techniques to estimate frequency offsets [3].
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2.3.4 Inter-symbol Interference (ISI)

In many wireless systems, multipath channels create problems when the transmitted
signal reflects from several objects. As a result, multiple delayed versions of the input
signal arrive in the receiver at different time spans. Due to the multiple versions of the
input signal, received OFDM symbol becomes distorted by the previously transmitted
OFDM symbol. This problem is called as inter-symbol interference (ISI). This effect is
similar to the inter-symbol interference of single-carrier systems. The inter-symbol

interference problem is shown in Fig. 2.8.

ISI

Fig. 2.8 Example of inter-symbol interference

First few samples of an OFDM symbol are distorted by inter-symbol interference. This
problem can be minimized by adding extra guard interval in front of every OFDM

symbol.
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2.3.5 Cyclic Prefix

Due to the multipath fading environment, channel dispersion causes consecutive
OFDM symbols to overlap and introduce inter-symbol interference. This degrades the
performance of the overall system and destroys the orthogonality of subcarriers. To
prevent ISI and to preserve the orthogonality, a guard interval is used in every OFDM
symbol. Generally, last portion of an OFDM symbol is repeated in front of that symbol.
This type of guard interval is called cyclic prefix (CP). As no extra information is
transmitted through CP, this extended part is removed at the receiving end. This cyclic
prefix should be at least equal to or longer than the maximum delay spread of the channel
impulse response to avoid ISI. Due to the insertion of CP, cyclically-extended OFDM
symbols now appear periodic when convolved with channel impulse response and the
linear convolution converts into a cyclic convolution. A cyclic convolution is just a scalar
multiplication in frequency domain. So, the effect of the channel becomes multiplicative.
In order to minimize the channel effect, another multiplication is performed at the
receiving end in frequency domain which acts like an inverse filter of the channel
impulse response. This type of filter is known as equalizer. Technique for the insertion of

cyclic prefix is shown in Fig. 2.9. Here, T, is the length of cyclic prefix, T, is the
original OFDM symbol length and T = T, + Ts is the length of the transmitted symbol.

The only disadvantage of cyclic prefix is that it increases transmitting energy due to the

extra data in payload and hence reduces the efficiency of the overall system.
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Fig. 2.9 Insertion of Cyclic Prefix (CP)

CP is used in multicarrier systems for equalization of frequency-selective fading
channels. At the receiving end, CP is discarded to avoid inter-symbol interference and the
fast Fourier transform is applied to the truncated block to convert frequency-selective
channels into flat-faded independent sub-channels. Each of the sub-channels corresponds
to a different subcarrier. Equalization is possible if the channel frequency response
doesn’t contain any zero in any of the sub-channels [26]. Zero padding has recently been
proposed as an alternative to the traditional cyclic prefix for multicarrier systems and it
can recover data symbols regardless of the channel zero locations. In ZP-OFDM
transmission, zero symbols are appended after the IDFT block. Number of zero symbols
is kept equal to the length of traditional CP without increasing bandwidth requirement.
Zero padded OFDM systems guarantee symbol recovery and assure FIR equalization

[27]
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2.4 Channel Model

In most practical wireless communication systems, obstacles like earth, buildings, trees,
etc., are present in the propagation path. When a signal is transmitted over this radio
channel it reflects, diffracts and scatters from those obstacles. The transmitted signal
arrives at the receiving end through multiple paths which is called multipath propagation.
This complete set of propagation paths is known as multipath channels. Multiple versions
of input signal arrive in the receiver at different times. Each of the received signals may
have different amplitude, phase and delay. When the received signals are mixed together,
they may add up constructively or destructively depending on the signals phases.
Multipath propagation is described in Fig. 2.10.

Obsztacle
Obstacle

Tx BEx

Fig. 2.10 Multipath propagation situations

The impulse response of a multipath channel exhibits time delay spread resulting
variations of received signal strength with frequency and time. These variations are called
fading characteristics. RMS delay spread (tgrys) is the metric to characterize the delay in
multipath channels [3]. The time between the first and the last received components is

called the maximum delay spread which is expressed as T, in Fig 2.11.
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Fig. 2.11 Channel spreading in time

Another important parameter for the characterization of fading channels is coherence
bandwidth B.. The coherence bandwidth measures the range of frequency over which
two frequencies of a signal are likely to experience the same kind of fading. Fading
effects over a communication channel is determined by the relationship between the

bandwidth B, of the information signal and the coherence bandwidth B, of the channel

[3].

Flat fading or frequency non-selective fading occurs when the bandwidth of the

information signal By is less than the coherence bandwidth i.e.,
B, < B,
TS > TRMS

where Bg is the bandwidth of the input signal, B, is the coherence bandwidth, Ty is the
symbol time and tgys IS the RMS delay spread. In this case, the whole signal spectrum is

affected equally.
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A signal undergoes frequency-selective fading if the bandwidth of the information

signal is greater than the coherence bandwidth i.e.,

B, > B,

Ts < TrMs

where B is the bandwidth of the input signal, B.. is the coherence bandwidth, T is the
symbol time and trys IS the RMS delay spread. Signal frequency components are not
affected equally due to the frequency-selective fading channels. Some portions of the
signal may experience gain and other portions may have dips due to the cancellation of
certain frequencies. In an OFDM system, available bandwidth is divided into many
narrow band subcarriers which are almost flat in the interval of two individual
subcarriers. So the input signal experiences flat fading when it passes through this
channel. Fig. 2.12 shows how a frequency-selective fading channel turns into flat fading

channels.

Magnitude

¥

Fig. 2.12 Frequency-selective fading channel divided into flat fading sub-channels

Constructive and destructive phenomenon of multipath components in flat fading

channel can be approximated by Rayleigh distribution if there is no single dominant path.
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In our case, we have used frequency-selective fading channel where the impulse response

of the channel is described as [5]:
h(t) = ZiSg are %8t — 1) (2.12)

here ay, 6 and t are the propagation paths’ amplitudes, phases and delays, respectively,
and Ty is the path delay of path k. M is the total number of the paths. Each path gain ay is
a random variable with a Rayleigh distributed magnitude. Probability density function for

the Rayleigh distribution is given by [28]:

P(x) =§e‘m, 0<x<oo (2.13)

In an indoor setting, path gain a, and delay tj can be considered relatively static where

the change of phases 0y is uniformly distributed over the range [0, 2).

In the case of time-varying channels, the channel impulse response can be represented as

[28]:
h(t; t) = 25 ax(®e 7% O8(T — 1 (D) (2.14)

The frequency response of this time-varying channel is defined as:
H(f:t) = f h(t; t)e 2™ dr

= Z¥=‘01 ak(t)e—i[ZTfka(t)+ NG| (2.15)

In an indoor setting, path gains and delays are considered to be static, phases 6, (t) may

change rapidly for small displacements, which makes the channel time dependent. In
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practice, path gains and propagation delays are usually considered to vary as a function of
frequency. This variation occurs because of time-varying path lengths. If we use narrow
bandwidth for the data transmission, we can ignore this frequency variation. Although
individual path gains and delays are assumed to be independent of frequency, the overall
channel response H(f; t) can still vary with frequency. This happens as different paths
have different time delays. Equation (2.15) tells us that the frequency response H(f;t) is
a slowly varying function of time t. And hence, h(z, t) can be considered as the impulse
response of the system at a fixed time t. In typical multipath fading channels, time-scale
at which the channel varies is considered to be longer than the delay spread of the
impulse response. Normally, the time taken for the channel to change significantly is of
the order of milliseconds, and the delay spread is of the order of microseconds [28].
Due to the phase variation of multiple propagation paths, a small phase offset can be
observed at the receiving end. To compensate this phase offset, differential detection

systems have been used in this thesis.
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2.5 Chapter Summary

In this chapter, basic OFDM systems have been introduced. We have discussed some
benefits of OFDM systems, and the principle of orthogonality. A brief overview is given
for the IDFT and DFT to show how it helps the modulation and demodulation processes
in OFDM systems. Cyclic prefix has been utilized to combat the effects of multipath
propagation. A significant part of an OFDM symbol is repeated and the length of this
cyclic prefix should be at least equal to the maximum channel delay to reduce the 1SI
completely. To reduce the channel effect, different kinds of equalization techniques are
used at the receiving end. In most of the cases, pilot symbols are used for these
equalization techniques. To avoid the transmission of extra data and channel information,
we have introduced differential detection systems where received symbols are utilized to
take decision directly for transmitted data. Differential detection systems will be

discussed in the next chapter.

30



CHAPTER 3
DIFFERENTIAL DETECTION FOR OFDM SYSTEMS

3.1 Introduction

In this chapter, we study data detection using differential modulation schemes in
Orthogonal Frequency Division Multiplexing (OFDM) systems. Data can be encoded in
the relative phase of consecutive OFDM symbols (inter-frame modulation) or in the
relative phase of symbols in adjacent sub-channels (in-frame modulation). Both single
differential and double differential in-frame modulation can be used for the detection of
data without prior knowledge of channel coefficients using only one pilot tone in single
differential modulation and two pilot tones in double differential modulation. We will
also show that higher order differential schemes don’t have any further advantage in this
respect. We use single differential modulation scheme for inter-frame modulation, where
only one OFDM symbol is used as a reference. After detecting the output data, we also
use differential modulation for estimating channel coefficients. Simulation results are
shown in results and discussion chapter. Data detection using differential modulation is
very easy and channel coefficients can be estimated with high accuracy. We apply
coherent detection using our estimated channel to improve the system performance.
Iterative technique can be used to minimize the channel estimation error and the
estimated channel can further be used to improve BER performance for in-frame
differential detection. We also use a new technique for channel estimation using single
differential inter-frame modulation by reducing 15% low energy data from an OFDM

symbol without compromising error performance.
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3.2 Why Differential Modulation

In coherent detection of OFDM systems, it is necessary to have knowledge about
channel impulse response for proper data detection. It is not always an easy task to get
information about the channel in wireless communication especially when the channel is
time-variant or fading. Channel effects on output data cannot be ignored without proper
estimation of channel impulse response. Researchers have also focused on the estimation
of channels for OFDM systems to overcome its effects on output data. A large number of
techniques have already been proposed for channel estimation. One of the popular
techniques proposed [8] is based on pilot arrangement in OFDM systems where pilot
means the reference signal used by both transmitters and receivers. Pilot tones can be
inserted into the subcarriers of an OFDM symbol or can be inserted in the consecutive
OFDM symbols with a specific period. The first process is called the block type pilot
channel estimation where pilots are inserted in frequency direction and the later is called
comb-type where time direction is followed [3]. It has been observed that the channel
capacity is wasted due to the transmission of a large number of pilot tones. To overcome
the transmission loss, techniques like blind channel estimation have been proposed in
[11]-[13]. Well known least-squares (LS) and minimum mean square error (MMSE)

techniques have been proposed in [9] for channel estimation.

In many applications of digital communications, channel introduces random frequency
shift or phase distortions into the carrier and makes it impossible to estimate the channel
and hence output data. Situation becomes even worse in case of fading channel. In such
situations, researchers have introduced techniques for data detection where it is not

needed to estimate the channel at first. One of those techniques is to use differential
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modulation (DM) for data detection without any channel information which can also
overcome the channel effect. This type of modulation technique has already been used for
fast fading channels [22]. Single differential modulation has been proposed for OFDM
systems both for inter-frame and in-frame differential modulation [22]. Double
differential has also been proposed for inter-frame modulation [24]. As double
differential modulation works better in high signal to noise ratios (SNRs), we can use it to
improve the accuracy for channel estimation. At higher SNRs, double differential can
estimate the channel coefficients very accurately. Once we have our estimated channel,

we can also use it in coherent data detection to improve the system performance.

The main purpose of using differential detection in OFDM systems is to avoid channel
estimation and equalization. But after detecting the output data, we can also use
differentially detected data to estimate channel coefficients. Once we have our estimated
channel, we can use it for data detection to improve BER performance. Channel
estimation using differential modulation is easy and channel coefficients can be estimated

very accurately with a minor increase in complexity.

Incoherent detection using classical DPSK causes an SNR loss of approximately 3 dB
compared to coherent detection. Here, we use differential modulation in consecutive
OFDM symbols for inter-frame modulation which will minimize this loss. Instead of
inserting pilot tones in every OFDM symbols, we use only one OFDM symbol as a
reference for differential modulation. Except the reference symbol, no overhead is
required for inter-frame modulation. This technique is easy and it has low complexity to

estimate the channel accurately.
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Fig. 3.1 Conventional pilot insertion techniques [3]

We applied semi-blind approach for data detection using in-frame differential
modulation. Both single differential and double differential have been used for in-frame
modulation. In conventional pilot estimation methods, pilot tones are inserted in every
OFDM symbols for the purpose of data detection and channel estimation. In our method,
single differential modulation uses one pilot tone, whereas double differential uses two
pilot tones. Based on reference tones all other transmitted tones are estimated at the
receiving end. Thus, overhead due to the reference symbols in conventional methods are
minimized and the detection delay is reduced. If the frequency response of the channel
doesn’t vary significantly from one tap to the next, our method gives very good results.
This happens mostly when the number of taps is significantly less than the length of the
OFDM symbol. After proper detection it is also possible to use those estimated symbols
to estimate the channel coefficients. Here, we validate our results by simulating bit error
performance of OFDM systems using differential modulation. Moreover, we compare our

results for channel estimation using in-frame and inter-frame differential modulation.
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In our case, we have used multipath frequency-selective fading channel. Phase
distortions are likely to be present in the received signal due to the imperfect knowledge
of the phase of carrier, fading effects and multipath propagation. Differential encoding
and decoding are used to compensate this phase distortions. We used this differential
encoding and decoding as an alternative to coherent channel estimation and equalization.
Both single differential and double differential modulation has been used in this thesis. In
single differential modulation, data can be encoded in the relative phase of symbols in the
adjacent sub-channels which is not robust in the case where a significant phase distortion
is present. In such situations, higher order differential encoding gives better
performances. Instead of using pilot tones in every subcarrier or in every OFDM symbol,
we will use only one pilot tone for single differential and two for double differential.
Channel capacity also increases because few pilot tones are used. In the next section, we
will give a short review on single and double differential modulation for single carrier

systems. Later, we will discuss about OFDM systems with differential modulation.
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3.3 Differential modulation

Incoherent detection causes some performance loss in comparison to coherent
detection. But data detection using differential modulation is very easy and it has low
complexity. Moreover, channel can be estimated very accurately at higher SNRs and the
estimated channel can be used in coherent detection to improve the system performance.
Two types of differential schemes have been used in this chapter: in-frame differential
modulation and inter-frame differential modulation. In the case of in-frame differential
scheme, we also use higher order differential modulation including single differential
scheme. Using differential modulation, it is possible to avoid the need to know the
channel taps in the detection process. Here, as a background, we give a short review of
single differential modulation (SDM) and double differential modulation (DDM)
schemes for single carrier systems in a simpler setting of channels without memory.

Later, we will discuss about OFDM systems with differential modulation.

3.3.1 Single Differential Modulation

Take a single carrier channel without memory. When there is a frequency offset

between the transmitter and receiver, we have

Y(K) = he!*KS(K) + W(K) (3.1)

where Y (K) and S(K) are received and transmitted signals, respectively, W(K) is an

additive white Gaussian noise and h is the unknown channel.
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In a single differential modulation based system, information is encoded as a first order
phase difference. Differentially modulated signal S(K) is obtained from Z(K) in the

following way:
S(K) =S(K-1)Z(K), K=1,2,.. (3.2)

where Z(K) denote the unitary symbols belonging to the QPSK constellation to be
transmitted at the time K and |S(0)| = 1. This S(0) is the only pilot tone that we are

using for transmission in single differential modulation.

Pilot tone

S5(0)

S() =\ Z(D

o p P ey

5(3) Z(3)

SN — 1) Z(N — 1)

Fig. 3.2 Single differentially encoded frame
In the absence of noise, using (3.2) in (3.1) we get:
Y(K)Y(K — 1)* = |h|?Z(K) (3.3)

where (.)* denotes complex conjugate. Equation (3.3) suggests the following rule for the

detection of Z(K) from {Y(K)Y(K — 1)} [15]:

Z(K) = mingeclarg(Z(K)) — arg(Y(KY(K - D" (3.4)
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where C is the unitary symbol constellation under consideration. The discrete version of

single differential encoder and decoder is described in Fig. 3.3.
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Fig. 3.3 Single differential (a) Encoder and (b) Decoder

3.3.2 Double Differential Modulation

Detectors of double differential modulation generally work using three consecutive
received data symbols for decoding the current symbol, whereas the single differential
modulation uses only two consecutive symbols. Thus two levels of single differential
modulation can be used to implement the double differential modulation and the
decoding process has slightly more complexity compared to the single differential

modulation.
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Fig. 3.4 Double differentially encoded frame

Let Z(K) denote the unitary symbols belonging to the QPSK constellation to be

transmitted at the time K. Symbols Z(K) are encoded into S(K) in the following way:

P(K) = P(K— 1)Z(K)

S(K) = S(K — 1)P(K), K=12, ... (3.5)
here |S(0)| = [S(1)| = 1 and these are the transmitted pilot tones. As |Z(K)| = 1 for the
QPSK symbols, it follows from equation (3.5) that |S(K)| = |P(K)| = 1, when K > 0.
Block diagram of the encoder and decoder for double differential modulation is shown in
Fig. 3.5. To describe the working principle of Fig. 3.5, define Y(K) = e/®® where 0(k)

represents the phase angle of Y(K) in radians.

V(K) = Y(K)Y(K—1)*
= eje(K)' e_je(K_l)

_ I(0()-B(K-1)) (3.6)
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Z(K) = V(K).V(K — 1)*
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Fig. 3.5 Double differential (a) Encoder (b) Decoder

If AB(K) denotes the phase angle of Z(K) then
AB(K) = 08(K) —206(K—1) + 6(K—2) (3.8)
Based on (3.8) rule for the detection of Z(K) has been shown in [15] as follows :
Z(K) = minggeclarg (Z(K)) —arg Y(K)Y(K — D?Y(K-2)|  (3.9)

where C is the unitary symbol constellation under consideration. Equation (3.9) has been

used as a decision rule for double differential detection systems.
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3.4 OFDM Systems with Differential Modulation

Z(K) S(H) =(n) 5,(m)
Binary Signal Map 5P [ DM ™ pFT >
data . | = — * e ::. P/
by > > > —
- | » —*
¥
Channal
2(®) Y () y(m) Yg(m) l
Output date Signal s [&] Differeutil  [$] DFT  [$] Remove [$7 5 e
0 - ] Differe pl bl ¢ AWGH
b ] Damap 1 |- Demod [ le— CP — P
K 4 o [ 4

Fig. 3.6 Block diagram of an OFDM system with differential modulation

An OFDM system with differential modulation has been shown in Fig. 3.6. Here, we
have used two extra blocks with the typical OFDM systems. Differential modulator
should be used before the IDFT block for differential modulation and a demodulator in
the receiving end, after DFT block for differential detection. The binary information is
first grouped and mapped into Z(K) based on the modulation scheme. Differential
modulation is applied and the symbols Z(K) are converted into differentially modulated
symbols S(K) where K extends from 0 to N — 1. There are two possible ways to perform
differential modulation in OFDM systems. Data can be encoded in the relative phase of
the consecutive samples of an OFDM symbol (see Fig. 3.7(a)) or in the relative phase of
adjacent OFDM symbols in each sub-channel (see Fig. 3.7(b)). The former one is called
in-frame modulation, where the later one is called inter-frame modulation. We use single

differential and double differential for in-frame modulation, where single differential uses
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one pilot tone and double differential uses two pilot tones. This technique minimizes the
overhead in comparison to conventional pilot insertion methods and reduces the detection
delay. We use single differential for inter-frame modulation, where the first OFDM
symbol is used as a reference symbol. Consecutive OFDM symbols are modulated with
respect to the reference symbol. In inter-frame modulation, it should be mentioned that
only one OFDM symbol is used for reference. Any extra pilot insertion will not be
required in other OFDM symbols. Each and every subcarriers can be used for data
transmission and hence increase the efficiency. After differential modulation, parallel
data sequence of length N is sent to the IDFT block to convert the frequency domain

signal S(K) into time domain signal s(n) based on the following equation:

s(n) = IDFT{S(K)}, n=012 .., N—-1
_ 1yN-1 jom
= < Xk=0 S(K)e“ ™ (3.10)

The inter-symbol interference (ISI) can be avoided with a small loss of transmission
energy using the concept of cyclic prefix (CP). This CP is chosen larger than the delay
spread introduced by the time dispersive channel to overcome ISl effects. This guard time
is just the cyclically extended part of an OFDM symbol and the resultant OFDM symbol

will become [3]:

{S(N + n), n=-Ng—-Ng+1,...—-1 (3.11)

s(n), n=012,...N—1
where N, is the length of the guard interval. In single carrier systems, we used channel
without memory which consists of only one tap. For OFDM systems, we consider a

channel with memory which consists of L number of taps. Transmitted signal sq(n) is
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passed through the frequency-selective fading channel h(t) with additive white Gaussian

noise environment. Channel impulse response can be represented as [5]:
h(D) = ZikZo ake 7% 8(t — 1) (3.12)

here ay, 0 and Ty are the propagation path’s amplitudes, phases and delays, respectively,
and Tty is the path delay of path k. M is the total number of propagation paths. For
simplicity, channel consists of L number of taps will be represented as h(L) from now on.
Change of phase in channel taps vary slightly and that variation is considered as linear.
CP insertion makes OFDM symbols periodic and linear convolution with channel turns
into cyclic convolution, which in frequency domain is just multiplication of input signal

with channel frequency response.
The received signal is given by:
yg(n) = sg(n) ® h(n) + w(n) (3.13)

where ® denotes convolution, w(n) is the additive white Gaussian noise and h(n) is the
channel impulse response. At the receiving end, guard interval is first removed as it

doesn’t contain any information.
y(m) =y,(n+Ng), n=012.., N-1 (3.14)

After removing CP, y(n) is sent to the DFT block to convert the time domain signal into

frequency domain signal.

Y(K) = DFT{y(n)}, K=0,12.., N-1

— VN-1 —1'211&
= Xn-oy(m)e "N (3.15)
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If there is no ISI then the frequency domain representation of equation (3.13) without

guard interval will become:
Y(K) = S(K)H(K) + W(K) (3.16)

where W (K), H(K) and S(K) denote additive white Gaussian noise (AWGN), channel
transfer function and transmitted data, respectively, in the frequency domain. It can be
seen that (3.16) is similar to (3.1). Channel memory has been considered in (3.16),
whereas in single carrier systems, channel is consists of only one tap. If the channel
transfer function doesn’t vary significantly from one tap to the next one, we can also use

differential modulation in OFDM systems.

| o W —] -
Data Svmbols . SP _ | IDFT .
. — —
- ® — =
(@)
1% %
— [ —» —>
Data Svmbols SP |—»[ ® @ _,| IDFT _—
> —»| | ® @ —» —»
—= | & @ ™ —>
(b)

Fig. 3.7 (a) In-frame modulation (b) Inter-frame modulation

Here, differential detection is used in OFDM systems as an alternative to channel
estimation and equalization. Differential detection is applied after DFT block to get the

transmitted symbols Z(K) directly from output symbols Y(K) without any channel
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information. Differentially detected output data can be used for channel estimation. Once
we have our estimated channel, we can use it in coherent data detection to improve the
system performance. As differential detection works based on the phase difference
between the output symbols, a small phase variation between the channel taps can be
compensated using this detection technique. We are using differential encoding and
decoding in this chapter to combat any small linear phase variation in channel transfer

function.

3.5 Channel Estimation

In coherent detection, arbitrary signal constellation is chosen in signal mapper and
channel estimation is not required for demodulation at the receiving end. But for
incoherent detection, performance is not so high in comparison to coherent detection and
hence channel estimation is required sometimes to improve the system performance. Two
problems may arise at the time of channel estimation. Lot of attention is needed for the
proper arrangement of pilot information in an OFDM symbol and the designed estimator
should have low complexity and good channel tracking ability. Otherwise, designing the
channel estimator will not be as worthy as expected. Two dimensional channel estimator
has been developed based on the concept that the fading channel of OFDM systems is a
two dimensional signal. This type of estimator is too complex to implement practically.
Estimators that have low complexity but high accuracy are always expected for high data
rates and low error rates. To accomplish this need, one dimensional estimator has been

proposed [8]-[10], [25], [29]. Two common one dimensional channel estimator are block
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type and comb type pilot channel estimation. In block type pilot arrangement, estimators
are implemented based on least-square (LS), minimum-mean square error (MMSE) and
modified MMSE techniques. In comb type arrangement, least-square with interpolation,

maximum likelihood and parametric channel modeling estimators are used [7].

By exploiting the information in CP, blind channel estimation was developed [13].
Subspace based blind channel estimator using virtual carriers had also been derived in
[27]. Multipath channel parameters can be fluctuated due to the mobility of users, and
hence the subspace based blind channel estimators which need several OFDM symbols to

identify the channel may not be practical to implement.

3.5.1 Channel Estimation Using In-frame Differential Modulation

Channel estimation using in-frame and inter-frame differential modulation and their
performance comparison is quite rare in literature. In this section, we use in-frame
differential modulation for channel estimation. In the next section, we will discuss about
inter-frame differential modulation for channel estimation with a new technique, where
we perform channel estimation using less than one OFDM symbol. For in-frame
modulation, we use both single differential and double differential detection. It has been
observed that double differential detection gives better performance to compensate the
phase variation in the channel transfer function, which motivated us to use double

differential modulation for channel estimation.
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y(n) Y(K) Z(K) 3(K)
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Fig. 3.8 Double differential modulated signal

It has been shown in Fig. 3.6 that differentially modulated signal S(K) is converted into
time domain signal before transmission through channel h(L). If we choose guard
interval to be greater than the maximum delay spread, there will be no leakage between

OFDM symbols. Equation (3.16) can be written here in a convenient way:
Y =XFh+W (3.17)

where X is a diagonal matrix with the elements of S(K) on its diagonal. Double

differential modulation of estimated output Z(K) will give us S(K).

h="[h(0)......oeeoe v h(L = D]T

X = diag(S(0) . e vee vev vrv v e S(N— 1))

Y =[Y(OY(D) oo eree e W Y(N = DT

W= [WO)W(L) .. e ce e eee . WIN = DT

H = [H(O)H(1) ... e ces eee e .. HN = DT (3.18)
= DFT{h}
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If we use Least square (LS) technique, we get:
Hig = X~1Y (3.20)
Equation (3.20) minimizes (Y — XFR)" (Y — XFR).
Channel coefficients can be obtained by:
h = FHH, (3.21)

Using (3.21) the Fourier coefficients of the estimated channel H can be obtained as
H = FFHH, ¢ (3.22)
Note that F(FPF)~1F is an orthogonal projection into column space of F.

As FIIF =, we have F(FHF)~1FH = FFH, Therefore, FF! is an orthogonal projection
into the column space of F. Thus, (3.22) simply projects the least-squares Fourier
coefficients of the channel into the L-dimensional subspace of Fourier coefficients of
channels that have length L. As we will discuss, it turns out that in the case of in-frame
OFDM detection the bit error rates of the incoherent detection will have a high error
floor. This is because bit errors occur near the channel nulls. However, the orthogonal

projection of the least-square results gives a more accurate estimation of the channel
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coefficients. If the channel frequency components of higher values can be estimated
accurately, then the L-dimensional projection will give more accurate channel
coefficients. Using these channel coefficients, much more accurate results can be
obtained by coherent detection of in-frame differential detection in high SNRs. Estimated

channel can be used for coherent detection in the following way:

2= (3.23)

|~

Data obtained using (3.23) are mapped with QPSK constellation to get the original input

signals.
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3.5.2 Channel Estimation Using Inter-frame Modulation

In this section, we discuss about inter-frame differential modulation, where data
symbols are encoded in the relative phase of consecutive OFDM symbols in each sub-
channel. Here, differential modulation is applied in time direction. Fig. 3.9 shows an

OFDM system with inter-frame differential modulation.

S(K)
Z(K) s(n)
A S T
by, .| QPSK | SP > @ @»| OFT [» CP [ P
Mad » | ® o 3 > S
RN o
Differsntial Mod
2 I Channel
Z(K) Y(K) y(n)
be e QPSK || P's E Diffcetl S DFT e s
Demod P :: 5| Remove P
win)

Fig. 3.9 An OFDM system with inter-frame differential modulation

First OFDM symbol doesn’t contain any information but only pilot tones. In the
remaining OFDM symbols, no other pilot insertion is required. Each of the subcarriers is
used for data modulation and hence increases the transmission efficiency. Working
principle of inter-frame differential OFDM systems is same as in-frame differential
OFDM systems. Equation (3.17) to (3.21) can be used as before for channel estimation.

As the first OFDM symbol contains only reference tones, channel estimation at the
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receiving end using first symbol is supposed to give more accurate results. In the case of

other OFDM symbols, estimation error will be somewhat higher at low SNRs.

To increase the efficiency and fast channel estimation, half of the data of an OFDM
symbol can be utilized. By discarding the low energy data from an OFDM symbol, data
symbols of higher energy will be taken for channel estimation. We define Y,,; vector
which contains m higher energy data symbols of [-th received block. Equation (3.17) can

be written here in the following way:
Yi = XouHm + Wiy (3.24)

where X,,,; is a diagonal matrix with the elements of D,,; on its diagonal. Differential

modulation of Z(K) corresponding to Y,,; will give us D,,;.

le = [YOI Yll Y(m_l)[]T

X = dia.g{Dml}

Dml = [DOl Dll D(m_l)l]T
T

Hml = [HOI Hll H(m_l)l]

Wml = [Wol Wll W(m_l)l]T

If we apply least-squares approach we get:

Hyy = Xml_lyml (3-25)
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Here, H,,; represents the frequency components of channel transfer function

corresponding to m higher energy data symbols. H,,,; can be represented in the following

way:
Hoyy 1 1 1 1 h(0) y Channel taps
Hy | |t ww  wg oL Wi : 3.26)
: VN |: : S : : : :
Hom-1 I (I (/A | 1O
F

n=01,..,.m—1

.,_nK
where WﬁK:e_lan‘{K=01 L-1

If we represent the DFT matrix by F;, from (3.26) we get:

H,, = F.h (3.27)
here, Hyy = [Hoy Hyy oo oo e oo Homeyt]
A = [R(O)A(L) wre ere e eee e R(L — DT
Applying Least squares (LS) technique in (3.27) we have,
h = (FTF) 'FTH,, (3.28)

Equation (3.28) will give us channel coefficients in time domain. Using this technique,
only half of an OFDM symbol is enough to estimate the channel coefficients. We further
investigate channel estimation error by increasing the number of higher energy data.

Simulation results are shown in the next chapter.
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3.6 Chapter Summary

In this chapter, differential OFDM systems have been described. At first, we apply
differential modulation in single carrier systems, where channel without memory has
been used. Later, we show the block diagram for a differential OFDM system, where we
use channel with memory. The block diagram for differential encoder and decoder are
shown and their working principles are then discussed. We also discuss about channel
estimation in this chapter. At the last part of this chapter, we show a new technique for
channel estimation, where data symbols of higher energy are used from an OFDM

symbol.
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CHAPTER 4
SIMULATION RESULTS AND DISCUSSION

4.1 Simulation Parameters

We assume to have perfect synchronization since the aim is to observe estimated output
data and channel coefficients. We have chosen the guard interval to be greater than the
maximum delay spread in order to avoid inter-symbol interference. Simulations are
carried out for different signal to noise ratios and channels. Instead of using pilot tones in
every OFDM symbols, we have used only one in single differential and two in double
differential in-frame modulation. This will not only make the process faster but also
increase the transmission efficiency. In the case of inter-frame single differential
modulation, we use one complete OFDM symbol for pilot insertion. OFDM system
parameters used in the simulation are given in Table 4.1. Randomly generated channels

have been used in simulation.

Table 4.1 Simulation Parameters

FFT Size 32,64

Number of active carriers 32,64

Guard Interval 10

Guard Type Cyclic Extension

Signal Constellation QPSK

Channel Model Frequency-selective Fading Channel
Channel Length 3-8
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4.2 Results and Discussion
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BER vs SNR
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Fig. 4.1 BER performance of single, double and triple differential in-frame incoherent
modulation (a)-(d)
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Fig. 4.1 shows some of the simulation results for the BER (Bit Error Rate) performance
using in-frame differential modulation. The frequency-selective fading channels that we

use in our simulation for Fig. 4.1 are as follows:

For Fig.4.1(a): h = [—0.0623 + 0.2275i,0.1920 — 1.0316i, —1.0060 + 0.0836i,0.2936 +
0.4461i,—0.6941 — 0.4429i]T

For Fig.4.1(b): h = [—1.3358 + 0.1459i,0.7823 + 0.0047i,—0.0942 + 0.7333i, —0.0642 +
0.3868i, —0.6438 — 1.2036i, —0.2797 — 1.3087i]T

For Fig.4.1(c): h =[0.3894 + 0.8719i,—0.6211 + 0.0146i, —0.8689 — 0.8255i,0.0276 —
0.1389i,0.0567 — 0.5119i,0.3299 — 0.0317i,0.2158 — 0.1230i]T

For Fig.4.1(d): h = [-0.1246 + 0.2355i,0.7443 + 0.2478i,0.2797 + 0.3432i,0.8059 +
0.5616i,0.6410 — 0.2533i,0.6929 — 1.2859i, —0.4392 + 0.2669i, —0.7101 + 0.2423i]T

Simulation results show that at low SNRs, if we have only a few channel taps (L < 5)
single differential modulation performs better than double differential modulation. But
only 3 dB better results can be achieved using single differential modulation when the
SNR is below 15 dB or so. Results show that double differential works better in high
SNRs or when we have higher number of channel taps. We also investigate the bit error
performance with higher order in-frame differential modulation. It has been observed that

higher order differential schemes don’t have any further advantage in this respect.

A small linear phase variation has been considered in the channel taps. Phase
distortions also likely to present in the received signal due to the fading effects and
multipath propagation. Simulation results show that double differential works better for
the phase offset compensation at higher SNRs with higher number of channel taps.

Although single differential modulation can compensate phase offset at low SNRs and
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low channel taps, it is not as robust as double differential with higher number of channel

taps.
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Fig. 4.2 Channel estimation error using double differential in-frame modulation (a)-(b)
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In Fig. 4.2, simulated error has been plotted against SNR for estimated channel
coefficients using double differential in-frame modulation. We use two different channels

for our simulation and the channel coefficients are as follows:

For Fig. 4.2 (3): h = [—0.0263 — 0.9526i,0.0681 + 0.1540i,0.2958 — 0.2459i,0.1963 +
0.4802i, —0.6056 + 0.1785i]T
For Fig. 4.2 (b): h = [0.8006 + 0.2532i,—0.4275 + 0.1074i,0.7687 — 0.0105i, 1.3151 +
0.2758i, —1.1154 + 0.7144i,0.4749 + 1.2368i]T

For each SNR value, we performed the simulation at least 500 times and find the average

_ i h-h i
normalized error, i.e., % We observed that at around 30 dB SNR, the normalized
mean square channel estimation error is about 1072 for double differential in-frame
modulation. Channels estimated at higher SNRs can be used for coherent detection to

improve system performance, which we will discuss later in this chapter.

In inter-frame differential modulation, relative phase of consecutive OFDM symbols is
used for data encoding. The first OFDM symbol is used for pilot tones insertion and all
other OFDM symbols are modulated with respect to first symbol. No extra overhead is
used in other OFDM symbols. We assume that the channel taps remain constant at least
for two OFDM symbols in inter-frame single differential modulation. For the data
detection using single differential inter-frame modulation, we use following channels in

our simulations:

For Fig. 4.3 (a): h = [0.2389 + 0.6603i, —0.7571 + 0.4853i,0.4821 — 0.5896i, —1.0678 —
0.6667i,0.4598 — 0.3077i,0.7119 + 0.3903i,0.4217 + 0.5543i]T

For Fig. 4.3 (b): h = [-0.6912 + 0.8657i,—0.7409 + 0.1601i,0.0108 + 0.1487i,0.3559 +
0.1576i,—0.2219 — 0.7555i, 1.0229 + 0.3273i]T
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Fig. 4.3 shows the bit error performance of inter-frame single differential incoherent
modulation for OFDM systems. We also compare BER performance between in-frame
and inter-frame single differential modulation in Fig. 4.4. It indicates that the inter-frame
differential is much better than in-frame differential modulation. This happens as the
relative phase of data symbols in adjacent sub-channels is used for encoding in the in-
frame modulation. Phase difference for data symbols in adjacent sub-channel is more
vulnerable in noisy environment in comparison to inter-frame modulation, where same
sub-channel but different OFDM symbols are used for encoding. The fading channel

coefficients that we use in Fig. 4.4 are as follows:

h =10.1831 — 0.5187i,0.2082 — 0.4072i, 0.2966 — 0.65781i,0.2729 + 0.4843i,0.2223 —
0.1434i,—0.8446 — 0.9813i,—0.2622 + 0.2280i,—0.1561 + 1.1442i]T

o BER vs SNR
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Fig. 4.4. BER performance comparison for inter-frame and in-frame single differential
modulation
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We perform channel estimation using single differential inter-frame modulation and
results are shown in Fig. 4.5 for two different channels. Channels that we use in Fig. 4.5

(a) and Fig. 4.5 (b) are as follows:

For Fig. 4.5 (a): h = [-0.0263 — 0.9526i,0.0681 + 0.1540i, 0.2958 — 0.2459i,0.1963 +
0.4802i,—0.6056 + 0.1785i]T
For Fig. 4.5 (b): h = [0.8006 + 0.2532i, —0.4275 + 0.1074i,0.7687 — 0.0105i,1.3151 +
0.2758i,—1.1154 + 0.71441,0.4749 + 1.2368i]T
We compare the channel estimation error of in-frame double differential modulation to
inter-frame single differential modulation for the above channels and the results are
plotted in Fig. 4.6. We observed that at around 30 dB SNR, the normalized mean square

error is about 10~* for the single differential inter-frame modulation and 10~2 for the

double differential in-frame modulation scheme.
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Fig. 4.6 Channel estimation error comparison for in-frame double differential modulation

(DDM) and inter-frame single differential modulation (SDM)
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To increase the efficiency and fast channel estimation, we use least squares based new
technique by reducing data from an OFDM symbol. Data symbols of higher energy are
taken from an OFDM symbol by ignoring lower energy data. At first, we use half of an
OFDM symbol to estimate the channel and simulation result is shown in Fig. 4.7 for the

following channel:

h = [0.2323 — 0.0433i,0.3140 + 1.2283i,—0.2809 + 0.9589i,0.8079
+ 0.0645i,—0.0060 — 0.2129i,0.5772 + 0.4290i,0.2944 + 0.0528i]T

Results show that channel estimation can be performed using only half of an OFDM

symbol with slightly higher error in comparison to full OFDM symbol.

Normalized MSE vs SNR

7777777777777777777777777777777777777777777777777777777
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Half OFDM symbol |]

Channel estimation error
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Fig. 4.7 Channel estimation error comparison using full and half OFDM symbol.
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We also investigate channel estimation error by increasing the number of higher energy
data from an OFDM symbol. Fig. 4.8 shows that the channel estimation error can be
minimized by increasing the number of higher energy data. In our simulations, we try to
find the amount of low energy data which doesn’t have any contribution in channel
estimation. It has been observed in simulation that 15% lower energy data can be reduced
from an OFDM symbol without compromising error performance (see Fig. 4.9). Channel

coefficients that we use in Fig. 4.8 and Fig. 4.9 are as follows:

For Fig. 4.8: h = [0.1046 + 0.2180i,0.7058 — 0.4811i, —0.6050 + 0.1448i,0.1301 +
0.1499i,0.7480 + 0.3631i]T
For Fig. 4.9: h =[-0.1646 — 0.1167i,—0.7312 + 0.3301i,0.3027 — 0.5092i,0.6183 +
0.2881i,0.2022 + 0.4121i,0.5644 + 0.3392i,0.6556 + 0.9390i]T

Normalized MSE vs SNR
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Fig. 4.8 Channel estimation by increasing the number of higher energy data
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Fig. 4.9 channel estimation error using a full and 85% of an OFDM symbol
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Fig. 4.10 Channel estimation using different OFDM symbols

In inter-frame differential modulation, first OFDM symbol is used for pilot insertion.
Consecutive symbols are modulated with respect to the first symbol. At the receiving
end, another reference symbol is used for demodulation purpose. As a result, channel
estimation error using reference symbol will be less in comparison to any other symbol.
Fig. 4.10 shows channel estimation error using different OFDM symbols where we use

the following channel:

h = [0.8006 + 0.2532i,—0.4275 + 0.10741,0.7687 — 0.0105i, 1.3151
+ 0.2758i,—1.1154 + 0.7144i,0.4749 + 1.2368i]T

We observed that at higher SNRs, error doesn’t vary with OFDM symbols; whereas at

low SNRs, reference symbol gives the best performance.
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4.3 Performance Improvement

One of the objectives of using differential modulation is to recover the SNR loss that
happens in classical incoherent detection. It has already been mentioned that incoherent
detection using classical DPSK may cause an SNR loss of approximately 3 dB compare
to coherent detection. Here, we apply differential modulation and use iterative techniques

which will minimize this SNR loss and improve BER performance.

Fourier coefficients of estimated channel taps can be projected into L-dimensional
subspace. The orthogonal projection of least-squares results gives a more accurate
estimation of the channel coefficients. Using these channel coefficients, much more

accurate results can be obtained by coherent detection.

At first, we use inter-frame single differential detection for channel estimation to
improve the BER performance with our estimated channel. Using single differential inter-
frame modulation, channel coefficients can be estimated very accurately. We try to
estimate channel at 30 dB SNR and use our estimated channel for coherent data
detection. Fig. 4.11 shows the performance improvement with estimated channels. In the
inter-frame scheme, simulation results show that the coherent detection provides an
improvement of about 2dB over the incoherent detection. Channels that we use for the

data detection in Fig. 4.11 are as follows:

For Fig. 4.11 (a): h = [-0.2163 + 0.5946i,—0.8328 — 0.0188i,0.0627 + 0.1636i,0.1438 +
0.0873i,—0.5732 — 0.09344i,0.5955 + 0.3629i]T
For Fig. 4.11 (b): h = [1.5058 + 0.5250i, —0.1146 + 0.2522i,0.5495 — 0.0437i,0.1963 +
0.2051i,—0.9264 — 0.2680i,—0.2669 — 0.2341i,—0.1067 — 0.3396i] T
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Fig. 4.11 BER comparison for inter-frame incoherent and coherent detection
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In order to improve the BER performance of in-frame technique, we have used the
results of the data detection to estimate the channel. It turns out that even though the BER
is not good, a good estimate of the channel can be obtained, which in turn would result in
improvement of data detection in the next iteration. This can be explained by the fact that
bit errors occur near the channel nulls. In which case, channel frequency components of
smaller values become erroneous. If we can estimate the frequency components of higher
values accurately then the output becomes comparable to noise and bit errors improve.
Simulation results show that the double differential in-frame scheme can estimate the
channel coefficients very accurately in high SNRs, and thus the BER performance
improvement is significant in high SNRs (see Fig. 4.12). The frequency-selective fading
channel that we use in our simulation is as follows:

h = [-0.5074 — 0.6779i,—0.4012 + 0.2537i,0.0419 + 0.8079i,0.2747
— 0.14931,0.1988 + 0.5360i, 0.2442 — 0.4546i]T

BER vs SNR

10°

L 1 ]
4 incoherent detection |
7 coherent detection

107 -

BER

107

10'3 i i i i i

SNR (dB)

Fig. 4.12. BER comparison for in-frame incoherent and coherent detection
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We also apply our estimated channel iteratively to improve the channel estimation
accuracy. For the inter-frame modulation, higher number of iteration doesn’t improve the
performance significantly. On the other hand, a second iteration can improve the BER
drastically for the in-frame coherent detection (see Fig. 4.13). The channel coefficients

that we use in our simulations are as follows:

For Fig. 4.13: (a) h = [0.6012 + 0.2617i,—0.1699 + 0.5306i,0.1784 — 0.3511i,0.0483 +
0.2479i,0.4417 + 0.5183i,—0.0201 — 0.4087i,0.6359 — 0.5712i{]"

For Fig.4.13: (b) h = [—0.6492 + 0.6951i,0.7934 + 0.3726i,1.3148 — 0.4253i,0.3405 —
0.5206i, —0.4803 — 0.3624i,—0.1642 + 0.2674i,0.0750 + 0.0499i]”

Based on our results, second iteration of in-frame coherent detection can achieve the
same performance as inter-frame coherent detection. By increasing slightly higher
computational complexity and using minimum number of pilot tones in the in-frame
coherent detection, we can achieve the same performance as inter-frame coherent
detection, where one complete OFDM symbol is wasted for pilot insertion. Other
methods like conventional pilot channel estimation and blind data detection techniques
are also used for data detection with higher computational complexity and complex
algorithm [34]. But in our method, good performance can be obtained with lower

computational complexity and using minimum number of pilot tones.
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BER vs SMNR
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Fig. 4.13. BER comparison between in-frame and inter-frame coherent detection
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4.4 Chapter Summary

In this chapter, we have used both the in-frame and inter-frame differential
modulation schemes for the data detection of OFDM systems without having any channel

information. Simulations are performed in zero mean white Gaussian noise environment.

For in-frame detection, based on our simulations, single differential performs better in
low SNRs with low channel taps. Double differential detection works better in
comparatively high SNRs. We observed that the performance of inter-frame differential
detection is better in comparison to in-frame differential detection. But one complete
pilot OFDM symbol for single differential and two pilot OFDM symbols for double
differential are wasted in the inter-frame modulation. In the case of time-varying channel,
channel taps should remain constant for at least one OFDM symbol for the in-frame
differential modulation. For inter-frame modulation, channel taps should remain constant
in two OFDM symbols for single differential and at least three OFDM symbols for
double differential modulation. In practical wireless communication, channel taps hardly
remain constant for more than one OFDM symbol. Therefore it may be advantageous to
use the in-frame techniques. However, the BER need to be improved in order for this

technique to work.

In order to improve the BER performance of in-frame techniques, we have used the
results of the data detection to estimate the channel. It turns out that even though the BER
is not good, a good estimate of the channel can be obtained, which in turn would results
in improvement of data detection in the next iteration. This can be explained by the fact

that bit errors occur near the channel nulls. In which case, channel frequency
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components of smaller values become erroneous. If we can estimate the frequency
components of higher values accurately then the output becomes comparable to noise and
bit errors improve. This newly obtained data can be used for channel estimation again
through iterative technique and the BER performance drastically improves in second
iteration which we have shown in simulation results. Thus, we will advise to use in-frame
differential modulation for time-varying channels, which uses only two pilot tones in
double differential scheme. Performance can be improved significantly by increasing

slightly higher computational complexity through iterative technique.

We also introduced a least squares (LS) based technique, where higher energy data of
an OFDM symbol were used for channel estimation. It has been observed that 15% low
energy data can be reduced from an OFDM symbol for channel estimation without

compromising error performance.
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CHAPTER 5
CONCLUSION

Orthogonal Frequency Division Multiplexing (OFDM) is widely applied in wireless
communication systems due to its high data rate transmission capability, high bandwidth
efficiency, and robustness to multipath delay. OFDM has been used in digital audio
broadcasting (DAB) systems, digital video broadcasting (DVB) systems, digital
subscriber line (DSL) standards and wireless LAN standards such as IEEE802.11a and
European equivalent HIPERLAN/2. OFDM has also been proposed for wireless
broadband access standards such as IEEE Standard 802.16g (WiMAX) and is the core
technique for the fourth generation (4G) wireless mobile communication.

In the case of multipath reception, it becomes very difficult for the receiver to separate
the original signal from the delayed signals which causes ISI. For broadband
communication, this becomes even worse due to the high-rate of transmission. To
mitigate the multipath fading effect, multicarrier technique like OFDM systems are used.
Cyclic prefix is used as a guard interval in every OFDM symbol to avoid ISI. Generally,
the last portion of an OFDM symbol is repeated in front of that symbol to create the
guard interval. The guard intervals should be at least equal to or longer than the
maximum delay spread of the channel. This type of cyclic prefix is easy to use and it will
reduce some transmission efficiency due to extra data in OFDM symbols.

Channel estimation is required for the coherent data detection of OFDM systems which
is not always an easy task in wireless communication. Channel estimation using
conventional pilot insertion is a popular technique but it is not an efficient way. Channel

capacity is wasted due to the extra pilot tones in every OFDM symbols. In this thesis, we
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use differential modulation based incoherent data detection, where it is not needed to
estimate channel at first. Moreover, differential detection is very easy to implement with
low complexity. We use differential modulation schemes both in frequency and time
directions. We apply a semi-blind approach for the data detection using in-frame
differential modulation. Higher order differential modulation has been applied including
single differential modulation. In our method, single differential modulation uses only
one pilot tone, whereas double differential uses two pilot tones, and so on. Thus,
overhead due to reference symbols are minimized and detection delay is reduced. From
the simulation results, it has been observed that single differential works better at low
SNRs with low channel taps, whereas double differential works better at higher SNRs.
Simulation results show that higher order differential modulation schemes don’t have any
further advantage.

In the case of inter-frame modulation, we use single differential detection for the data
detection and observe better results in comparison to in-frame differential detection. This
happens as we modulate data using same subcarrier but different OFDM symbols.
Although we get better results in inter-frame modulation, it costs us one complete OFDM
symbol for pilot insertion under the constraint that the channel coefficients remain
constant for at least two OFDM symbols for single differential detection. In practical
wireless communication, channel parameters may change significantly from one OFDM
symbol to another. In that case, in-frame differential detection is more useful than inter-

frame detection. However, bit error rates need to be improved for this technique.
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To improve the BER performance, our objective is to estimate channel coefficients
accurately and perform coherent data detection using estimated channel. We use double
differential modulation at higher SNRs to estimate channel coefficients. Good
performance is observed at an SNR of 30 dB, where the mean square channel estimation
error is about 1072, We use our estimated channel in coherent detection and observe a
significant BER improvement in high SNRs. We further use iterative technique to
improve channel estimation accuracy and observe that the BER performance improve
drastically in second iteration. Thus, the in-frame differential detection can be used in
OFDM systems for incoherent data detection using minimum number of pilot tones. By
increasing a slightly higher computational complexity, we can use iterative technique for
channel estimation and data detection can be performed with estimated channels in
simple coherent detection. All the simulation results are shown in chapter 4.

As the channel estimation becomes quite difficult sometimes for time-varying channels,
incoherent detection can be applied at first for the data detection and later performance
can be improved using coherent detection with estimated channels. Differential detection
is a promising technique for incoherent data detection. As we observe that the inter-frame
differential detection gives better results, higher order inter-frame differential detection
can be performed to investigate the performance improvement. Combined in-frame and
inter-frame differential detection schemes can be used in OFDM systems and will be

suggested for future research work.
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