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ABSTRACT

Orthogonal frequency division multiplexing (OFDM) is being used by wireless
local area network (WLAN) standards, such as IEEE 802.11a, and wireless metropolitan
area network (MAN) standards, such as IEEE 802.16a. OFDM is a very efficient com-
munications scheme for wireless ADHOC networks. However, the wireless environment
causes inter-symbol interference (ISI) and inter-carrier interference (ICI). Estimating the
starting point of an OFDM symbol must be handled efficiently and effectively to reduce
the errors. OFDM must be time synchronized to prevent inter-symbol interference (ISI)
and inter-carrier interference (ICI). Many techniques exist to realize timing synchroniza-
tion in OFDM systems. In this thesis, the need for timing synchronization, the timing er-
rors, and the performance of different techniques under a variety of mobile channel mod-
els (indoor and outdoor) are investigated, and simulation performance results for each

technique under different channel models are presented.
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EXECUTIVE SUMMARY

The communication requirements for modern warfare change with technological
developments. Communications and information warfare directly affect the decision
making process in a dynamic warfare environment. More information is required to be
transmitted at higher speeds. The military, facing these challenges in information warfare
and communications, also requires solutions to make high data rate transmission to, from,
and within the battlefield possible. The military is exploring wireless ad hoc networks as
a solution to this problem at the tactical level, such as TACOMS of the Turkish Land
Forces [41], and orthogonal frequency division multiplexing (OFDM) is a useful and re-
liable technique that has the potential to provide high data rates under challenging trans-

mission conditions for ad hoc networks.

OFDM is being successfully used in numerous applications. It was chosen for the
IEEE 802.11a wireless local area network (WLAN) standard, the IEEE 802.16a fixed
broadband metropolitan area network (MAN) standard, and it is being considered for the
fourth-generation mobile communication systems. Studies to introduce mobility to
802.16 systems are in progress under the name of IEEE 802.16e, mobile wireless broad-
band metropolitan area networks. Despite its many attractive features, OFDM has some
principal drawbacks. Sensitivity to inter-symbol interference (ISI) and inter-carrier inter-
ference (ICI) are among the drawbacks. The solution to these drawbacks is fine timing

synchronization.

This thesis investigates the performance of different timing synchronization
methods for OFDM-based systems to determine the effects of different channel condi-
tions for ADHOC networks on these methods. The fundamentals of an OFDM system
and the distortions caused by wireless propagation are presented, and the advantages of
OFDM in such an environment, the basic characteristics of OFDM, such as the inverse
Fourier transform and the cyclic prefix are discussed. The need for timing synchroniza-

tion and the effects of timing errors, inter-symbol interference (ISI), and inter-carrier in-

X1X



terference (ICI) are examined, and the distortion caused by ISI and ICI are demonstrated

through bit error rate (BER) performance plots.

We conducted Matlab simulations of an OFDM communication system for the
following channels: ideal, additive white Gaussian noise (AWGN) channel, mobile in-
door, and mobile outdoor channels. The mobile channels used in this thesis are character-
ized by multi-path, delays and losses associated with the multi-path and Doppler fre-
quency shift effects in AWGN. The timing methods of interest were introduced. The ef-
fects of each channel on the timing synchronization methods were studied and simulated.
The results were presented in terms of fine timing distribution plots, performance plots,

and peak degradation plots for all the channel models.

It was observed that, in general, the performance of the timing methods degraded
under the multi-path. It was shown that the fine timing distribution for indoor channel
models used in this thesis, which have as many as 18 paths, span 2 to 8§ samples whereas
the fine timing distribution for outdoor channel models used in this thesis, which have 6
paths, span 2 to 4 samples. Multi-path also causes the peak of the timing metric to fall
below the normalized value of 0.5 since it reduces the correlation values on which the

timing algorithms are based.

Another observation is that the larger delays do not affect the timing process. The
reason is that most of the timing methods are based on the energy of the training symbol,

and the larger delays do not interfere with the first symbol to reach the receiver.

The results enabled us to make a comparison between cross-correlation-based
methods and auto-correlation-based methods. In general the cross-correlation based

methods showed a reliable performance for both indoor and outdoor channels.

The effects of mobility were also studied. The mobility is represented by includ-
ing the Doppler frequency shift and multi-path effects. The simulations suggested that a
Doppler shift up to 15 Hz in indoor channels has virtually no effect on the performance of

the timing methods. As for the outdoor channels, it had no adverse effects.

XX



I. INTRODUCTION

Orthogonal frequency division multiplexing (OFDM) was chosen as the commu-
nications technique by many applications and standards, such as IEEE 802.11a [2],
802.16a [6], 802.16¢ [26], European digital audio broadcasting (DAB), digital video
broadcasting (DVB) systems [24, 25], and HIPERLAN/2 [23]. The military is also seek-
ing wireless solutions for communications at the tactical level. OFDM, with its potential
to provide high data rates under challenging transmission conditions, could be the solu-

tion.

The OFDM-based IEEE 802.11a standard can support data rates up to 54 Mbps.
The newly approved OFDM-based wireless metropolitan area network (MAN) standard
IEEE 802.16a is expected to have a range up to 30 miles and the ability to transfer data,
voice and video at data rates of up to 70 Mbps [40]. Another study, namely IEEE
802.16e, to bring mobility to metropolitan area networks (MANS) is in progress [26].

Another area where intense research is in progress is fourth generation (4G) mo-
bile wireless technologies for which the main focus is spectral efficiency. OFDM and
OFDM-based multiple access systems are among the most promising techniques in terms
of spectral efficiency. Moreover, they are being considered for the 4G mobile communi-
cations systems [3]. At the basis of this success is the fact that OFDM effectively deals
with the delay spread at high data rates. Therefore, OFDM’s performance under multi-
path, mobile and fading environments as well as other related issues, such as synchroni-
zation and implementation, are the topics of many current studies.

A. OBJECTIVE

OFDM is a very effective communication scheme to overcome delay spread and
channel distortion. However, it does require an effective and tolerably precise timing
synchronization process. In order to recover the data at the receiver, there are many tech-
niques for timing synchronization. The main objective of this thesis was to investigate
and to compare the performance of various timing methods for multi-path, time-varying
channels with indoor and outdoor characteristics as well as with a Doppler shift to repre-

sent the mobility of the channel.



B. RELATED RESEARCH

OFDM has been the subject of many studies. The number of studies increased
since OFDM’s approval in wireless local area network (WLAN) standards like IEEE
802.11a, HIPERLAN/2 as well as in wired applications, such as the asymmetric digital
subscriber line (ADSL). The trend seems to continue because IEEE 802.16a, a standard
for fixed broadband wireless access (BWA) systems, was approved in 2003. Proposals to

introduce BWA with mobility to reach speeds up to 70 mph are underway.

One of the very first studies on synchronization, which is cited by many authors,
is that of Schmidl and Cox [8]. They proposed that timing synchronization could be
achieved via a pseudo-noise (PN) sequence and correlation. Another early study was
conducted by Sandell, van de Beek, and Borjesson [37]. This study proposed a cyclic pre-

fix (CP) based synchronization scheme.

In later years, researchers made standard-oriented studies on the subject of timing
synchronization. Among these are the study by Abdul Aziz, Nix, and Fletcher [38] on
synchronization in IEEE 802.11a and HIPERLAN/2 and the study of Wang, Faulkner,
Singh, and Tolochko [9], which is based on IEEE 802.11a preamble defined in the stan-
dard. Other studies include the study of Ryu and Han [16] about a timing phase estimator,
the study of A Fort, J. W. Weijers, V. Derudder, W. Eberle, and A. Bourdoux [39] on
comparison of auto-correlation and cross-correlation-based timing methods, the study of

Park, Cheon, Kang and Hong [5] and the study of Minn and Bhargava [4].

Heiskala and Terry give detailed information about coarse timing synchronization
as well as general information about fine timing synchronization [1]. References [21] and
[28] analyze and categorize the studies on timing synchronization.

C. ORGANIZATION OF THE THESIS

Chapter II begins with an introduction to OFDM and proceeds to present the
characteristics of a wireless channel and the related distortions. The operation of an
OFDM system model is presented, and IEEE 802.11a and IEEE 802.16a standards are
also introduced briefly. Chapter III discusses the timing synchronization and the timing

errors explaining the impairments caused by timing errors. The timing algorithms of in-
2



terest are introduced in this chapter as well. There are six methods, two of which are pro-

posed in this work.

Chapter IV explains the simulation methodology, the parameters and the channels
used in the simulation. The timing methods are implemented under various channel con-
ditions. This chapter also presents the performance results of the simulations. Chapter V
provides a summary of the thesis and the conclusions and suggestions for future work.

The Matlab code used in this work is included in Appendix A.
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II. OFDM BASICS

The dramatic growth of voice, data, and video communications over the Internet
fueled a demand for high data rates. Numerous techniques exist in order to meet the in-
creasing demand. OFDM is at the center of these efforts due to its attractive features. In
this chapter, we present the advantages of OFDM, wireless channel characteristics, a sys-
tem description, and two OFDM-based standards.

A. INTRODUCTION TO OFDM

The principle of OFDM is that it takes a data stream, and after multiplexing, sends
the data over a range of sub-carriers, thus transmitting the data simultaneously over a
number of different carriers. Each sub-carrier carries a portion of the data. This helps
OFDM reach higher data rates without being affected by the channel distortions. The sub-
carriers are orthogonal to each other. This allows the sub-carriers to overlap in frequency
with the adjacent carriers without causing interference. Another benefit of orthogonality
is high spectral efficiency. Besides being better suited to overcome frequency selective
fading and multi-path effects, OFDM also has implementation advantages, such as avoid-

ing ISI and ICI, over other multi-carrier communication schemes.

The idea of OFDM is not new. It was first studied in the 1950s and 1960s. Chang
obtained a patent for OFDM in 1966 [22]. The implementation then consisted of as many
oscillators in the transmitter and matched filters in the receiver as the number of sub-
carriers. This made the implementation of OFDM very complex and expensive. However,
in 1971 Weinstein and Ebert showed that OFDM could be realized by the inverse discrete
Fourier transform (IDFT) and discrete Fourier transform (DFT) operations [18]. This in-
novation, making the oscillators and the filters redundant, was enough to attract the atten-

tion of many researchers.

OFDM was chosen as the standard communication technique by many wired and
wireless applications today. Among them are Asymmetric Digital Subscriber Line
(ADSL), Digital Audio Broadcasting (DAB) [24], and Digital Video Broadcasting (DVB)
[25]. OFDM is used in the WLAN standards HIPERLAN/2 [23] and IEEE 802.11a [2]. It



was also accepted as the communication technique in the so-called “last mile” access

MAN standards IEEE 802.16a [6] in the USA and HIPERMAN [20] in Europe.

The introduction of the IEEE 802.16 standard, surpassing the so-called 3-G wire-
less networks in terms of data transmission capability, has impacted the wireless digital
communications world. The efforts to develop IEEE 802.16e, an amendment to IEEE
802.16a [23], that will enable mobile wireless services and Internet access for speeds up
to 75 mph, is in progress. OFDM will remarkably affect the future of digital communica-
tions, wireless Internet access, and wireless ADHOC networks.

B. FUNDAMENTALS OF OFDM

In this section, we present the challenges in a wireless environment and the most
prominent characteristics of OFDM, which make it attractive in overcoming these chal-
lenges.

1. Wireless Propagation

In order to better understand the advantages that OFDM provides, we first discuss
the environmental conditions affecting the communication channel. In general, this is
more complex than a free space environment due to obstacles, trees, moving objects, and
furniture that can reflect the radio waves. As a consequence, wireless channels are char-
acterized by multi-path, which lead to small-scale fading. An illustration of an outdoor

multi-path environment is shown in Figure 1.

Small-scale fading is used to describe sudden changes in amplitudes, phases, or
multi-path delays over a short time or over a short travel distance. In the presence of ob-
stacles and scatterers, which create a dynamically changing environment, the signal en-
ergy is dissipated in amplitude, time and phase. Thus, every path does not arrive at the
receiver at the same time and with the same amplitude and phase. This causes small-scale
fading as well as distortion. When there is multi-path, large-scale path loss affects may be

ignored [7].
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Figure 1. A Multi-path Illustration for Outdoor Channel Environment

a. Power Delay Profile and RMS Delay Spread
The power delay profile can be obtained by transmitting an impulse over
the channel and is defined as the squared absolute value of the channel impulse response

(CIR) [29] as follows:
P(t)zfa,f&(t—rk) (2.1)

where k 1is the path index, a, is the path gain, 7, is the path delay, and N is the number
of paths.

The power delay profile is important to obtain multi-path channel parame-
ters, such as mean excess delay (7 ) and root-mean-square (rms) delay spread (o, ).

These parameters are used to qualify the dispersive properties of multi-path channels.

The mean excess delay and the rms delay spread are defined in [7] to be
Zk:a,frk ;P(rk)rk
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The time delay measurements are computed relative to the first arriving
path at the receiver atz, = 0. The values for rms delay spread may change from environ-

ment to environment. In a wireless channel, the scattered and reflected paths may arrive

at the receiver at different times.

b. Coherence Bandwidth

Coherence bandwidth is used to describe the channel bandwidth that is not
affected by the random phases, delays and fading. In other words, coherence bandwidth
can be used to define the channel that is enjoying flat fading as opposed to frequency se-
lective fading. In [30], when the frequency correlation function is above 0.5, the coher-

ence bandwidth, W, is defined as
W.~—m1. (2.5)

If the bandwidth of the signal, W} , is smaller than coherence bandwidth of

the channel, the signal will undergo flat fading, i.e., all frequencies have the same fading.

In the opposite case, when W > W,., the signal will undergo frequency selective fading.

This relationship is directly related to the data rate of the signal. Thus the signal will un-

dergo flat fading when the symbol period 7, is greater that the delay time 7}, . It turns out

that the flat fading is a more desirable channel condition. Figure 2 presents a simple rep-
resentation of flat fading and frequency selective fading. The result of frequency selective
fading is ISI, which adversely affects the bit error rate (BER) of the system. The effects
of ISI are discussed later in this chapter, where we show how OFDM can be designed to

mitigate its effects.
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Figure 2.  Illustration of (a) Flat Fading Channel (b) Frequency Selective Fading
Channel

OFDM uses orthogonal sub-carriers to transmit the signal. Each carrier
transmits a portion of the data at the same time. Although the overall data rate remains
the same, the data rate for each sub-carrier decreases proportional to the inverse of the
number of the sub-carriers, thereby causing the bandwidth (BW) of each sub-carrier to

decrease by the same rate. This helps the channel become a flat fading channel. Figure 3
and Figure 4 illustrate the difference between a single-carrier communication scheme and

an OFDM scheme. For example, let the data rate be R =10 bps and the numbered sym-
bols be QPSK modulated. In this case, the period of the OFDM symbol is 57, , which is 5
times the single-carrier case. For the data rate, R, each sub-carrier has a narrower band-

width (R/ 5) and is subject to flat fading. This is also a good example of how OFDM can

reach higher data rates in multi-path channels.
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Figure 3. A Single-carrier Illustration
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Figure 4. OFDM Has Longer Symbol Period and Multiple Symbols are Transmitted
Simultaneously over Multiple Sub-carriers

c. Doppler Spread and Coherence Time

The time-varying nature of the channel is characterized by the Doppler
spread and the coherence time. Coherence time is a measure of time duration over which
the channel is slow fading. In other words, the channel impulse response (CIR) is time
invariant over this period. Coherence time can be measured via the time correlation of the

channel, and it is the reciprocal of Doppler spread as shown below [7]

1
TC ~ E . (26)
where the maximum Doppler spread f, _ is given by
1% v
=—cosd =—, 2.7
fmax ﬂ’ ﬂ’ ( )

cosf=1

where A, v and @ are the wavelength, the velocity, and the spatial angle between the
direction of the motion of the mobile receiver and the direction of arrival of the signal,

respectively. However, if 7. is defined as the time over which the time correlation func-
tion takes values above 0.5, then it is defined as [7]

9
T. = S (2.8)

max

According to the amount of the Doppler shift, we classify the channel as

fast fading or slow fading. In a fast-fading channel, the CIR changes within a symbol.
10



This causes distortion in the signal, and the receiver may not recover it. In this case, the
coherence time is smaller than the symbol time. Then, the signal suffers fast fading if
T, >T,.. (2.9)
When the channel is slow fading, the CIR changes slower than the signal
in the sense that the CIR does not change within a symbol duration. Then, the signal un-
dergoes slow fading if
Ty <<T,. (2.10)
2. Orthogonality
In OFDM, the sub-carriers have overlapping spectra. In order for the receiver to
separate them without ICI, these sub-carriers need to be orthogonal, hence the name or-
thogonal frequency division multiplex (OFDM). Orthogonality can be shown by using

orthogonal waveforms as follows [33]:
T,
Iwk(t)wf(t)dt=5(k—l)- (2.11)
0

Normally, frequency division multiplexing (FDM) systems do not have this
property. Each carrier is separated with a guard band to avoid ICI at the cost of low spec-
tral efficiency, which is, besides presenting implementation difficulties, another draw-
back of FDM. OFDM, due to the orthogonality of overlapped sub-carriers, is a bandwidth
efficient communication scheme. In [33], a generic set of orthogonal waveforms is given
as follows:

—e™ tel0,T,
v, (0 ={T, 1] (2.12)

0 otherwise

where 7, denotes symbol period and

a)k=a>0+k2T—”; k=0,1,..,N—1, (2.13)

S

and the sub-carrier frequency

fi==k. (2.14)

11



Although the sub-channels overlap in frequency, they can be separated from one
another by orthogonality. Figure 5 illustrates the orthogonality of carriers. It can be seen

from Figure 5 that at the center frequency of any sub-carrier, all other carriers have a null

point.
A 1SN 1800|1850
Sampling
point
>
0 A A f
Nuli

Figure 5.  Orthogonality of Sub-carriers (After Ref. 32.)

Figure 6 illustrates the loss of orthogonality between two carriers. The solid col-
ored area shows where the ICI occurs (see also Figure 5). The reasons for the loss of or-
thogonality are frequency errors, timing errors and sampling rate offset. For example, or-
thogonality can be lost when the center frequencies of the carriers are shifted. This shift
causes the adjacent carrier’s first null to move away from the center of the adjacent carri-
ers’ spectrum. When the received signal is sampled, the samples would also include
components from the adjacent carriers since they would not have nulls at the sampling

point.

12
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Figure 6.  Illustration of Loss of Orthogonality and Inter-carrier Interference (ICI)
3. Cyclic Prefix, Inter-Symbol Interference, and Inter-Carrier Interfer-
ence

The wireless channel, with multi-path, is a time-dispersive channel by its nature.
Sending the signal through this channel causes inter-symbol interference (ISI) at the re-
ceiver, causing the symbols to overlap in time. Having ISI causes inter-carrier interfer-
ence (ICI) due to the loss of orthogonality. Figure 7 illustrates inter-symbol interference.
The top figure shows five numbered transmitted symbols and the bottom figure shows the
corresponding received symbols. The circles in the bottom figure show ISI and overlap-

ping of symbols.

To overcome ISI and ICI, the cyclic prefix (CP) was introduced in [34], which is
accomplished by taking the last part of an OFDM symbol and attaching it to the begin-
ning of the symbol. By acting as a guard zone, CP prevents ISI. To completely prevent
ISI, the length of the CP must be larger than the expected delay spread, thus preventing a
possible interference from the previous symbol. It provides enough space to tolerate

symbol-timing errors.

13



FArplitude

ATpltude | farance inte Symbol 3 Rterference into Symbol 4
4 from symbals 1 and 2 fomsymbals 2 and 2

Figure 7.  Illustration of ISI (After Ref. 31.)

The length of CP cannot be chosen arbitrarily. It must be long enough to prevent
ISI and ICI. This means that the length of the CP must be longer than the CIR and the
expected delay spread. Figure 8 shows the relationship between the CP and the CIR in
order to prevent ISI. The OFDM symbols at the top of the figure shows the transmitted
symbols, and the symbols at the bottom shows the received symbols. The magnitude plot
of the CIR is illustrated under the received symbols. The solid colored area in the CP has
the same shape as that of the magnitude plot of the CIR to illustrate the effect of the
channel. The CIR affects the first part of the CP. This part is also affected by ISI from the
previous symbol. The estimated timing should fall in the area between the starting point

of the OFDM symbol and the channel-distorted solid-colored part.

14
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Figure 8.  Illustration of the Relationship between CIR and CP (After Ref. 32.)

In the IEEE 802.16a standard, the length of the CP is not fixed, so the base station
can change the CP depending on the channel conditions (see Table 4 later in this chapter).
In IEEE 802.11a, there are 64 carriers and the CP is six samples longer than the CIR. It
has been shown [10] that the CIR for IEEE 802.11a environment spans 10 samples in
time domain. However, the CP must not be too long since a long CP introduces a loss in
the signal-to-noise ratio (SNR) as well as a loss of bandwidth efficiency due to its redun-

dancy. SNR loss due to the CP is given in [33] as

T
SNR,, = —lOlog[l— ij (2.15)

N

where 7, and T, denote the length of the CP and the symbol length before CP addition,
respectively. For IEEE 802.11a standard, T, and 7, are chosen to be 0.8 us and 3.2 ps,

respectively. This long CP introduces a SNR loss of1.25 dB.

The effects of ISI and ICI are presented in more detail in Chapter III.

4. The Description of the OFDM System Used in This Thesis

Figure 9 illustrates the base-band OFDM model used in this thesis. A data stream
is first encoded by the channel encoder. This operation is called forward error correction

coding (FEC). Channel coding is important for OFDM systems to reduce the BER. The
15



OFDM model uses convolutional coding with generator polynomials (133, 171) [2]. In

IEEE 802.16a, the same convolutional code is used [6].

N-1 x, (N -1) 5, (N-1)
| Bitto- | . .
.| FEC and . Symbol . . CP
> . » SP | || Mapping | . | IFFT | ° | Addition —>
Interleaving and Diff, and
o | Coding x,(0) s, (0) P/S
DQPSK T
Message Coded Bit Sub-carrier .
Source Stream Complex ;‘Fans;nlned
Envelope 1ena
(a)
N-1 . (N=1) s, (N-1)
< pir € 7 spand
Decoding and P/S . and . FFT . Removal
De-interleaving 4— Symbol- | |
0 to-Bit |y, (0) Sm (0)
Mapping T
Received . .
Mi(:szl:ee Coded Bit Stream Sub-carrier Rgcelved
g Complex Signal
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Figure 9.  The Block Diagram of Base-band OFDM Model Used in This Thesis: (a)
Transmitter and (b) Receiver

The encoded data bits from the FEC are also interleaved to protect against bursty
errors. The function of the interleaving operation is to randomize the burst errors so that
they can be corrected at the receiver by a decoding operation, which could handle random
errors. The interleaver used here is a block interleaver. It is widely used due to its sim-
plicity.

The binary sequence is then applied to a serial-to-parallel converter (S/P). S/P

takes the encoded data bits and put them into N parallel carriers where N denotes the

16



number of the sub-carriers. The data then is applied to the bit-to-symbol mapping opera-
tion, i.e., modulator. The modulation methods giving different data rates are defined in
the standards. The implementation depends on the data rate requirements. OFDM can
have any QAM or PSK modulation. The QPSK modulator simply maps two binary digits

to 4-ary symbols based on the constellation in Figure 10.

In this thesis, we chose to use differentially encoded quadrature phase shift keying
(DQPSK) as the modulation technique. DQPSK can also be seen as a form of digital
phase modulation in the extreme case in which the phase estimate is derived only from
the previous symbol interval [27]. The advantage of DQPSK comes from the fact that it
does not need coherent detection. It is shown in [27] that the performance decreases only

by 2.3 dB at large SNRs for DQPSK due to non-coherent detection.

QPSK
Qj

01 11
» !

Figure 10. QPSK Constellation (From Ref. 2.)

The system obtains signal values in time via IFFT operation. To illustrate this, let

x, represent the data vector consisting of N QPSK symbols given by

x, (k)=(x,(0), x, (1) ... x, (N-1)). (2.16)
After the IFFT operation, the equivalent complex base-band representation of one OFDM

symbol is given [33] as follows:

1 jZiz’k(n—N, )/ N
=— @ 2.17
S NZ (2.17)
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where N, N, n, and m denote FFT size, CP length, discrete time index, and symbol

index, respectively.

Now we have the time samples for one OFDM symbol. However, the data are not
yet ready to be sent through the channel. CP is needed to compensate for multi-path, ISI
and ICI. Figure 11 illustrates how the CP is appended to the OFDM symbol before enter-
ing the channel. The last part of the symbol is simply added to the beginning of the sym-
bol.

Copy

CP OFDM Symbol

Figure 11. Adding CP to the OFDM Symbol

After the CP is added the signal goes through a parallel-to-serial converter (P/S),
which takes the data on the parallel sub-carriers and puts them into a row. Now, the sig-
nal is ready for transmission. The signal is sent through four different channels without
RF modulation. The channel characteristics are presented in Chapter IV.

As shown in Figure 9(b), in the receiver, after the S/P operation and removing CP,
an N-point FFT is performed to obtain the received data symbol y (k) as given below:
N-1

v (k)= r, (n)e 2™ (2.18)

n

I
(=}

where 7, (n) denotes the received signal in time. The FFT operation is followed by dif-

ferential decoding, symbol-to-bit mapping, P/S operation, decoding and de-interleaving

operations.

5. IEEE 802.11a

IEEE 802.11a was approved as a wireless local area network (WLAN) standard
for 5 GHz in 1999 [2]. IEEE 802.11a uses OFDM in its physical layer (PHY) to achieve
high data rates. In IEEE 802.11a, OFDM uses 48 sub-carriers out of 64 to provide the

data rates specified in the standard. Additionally, 4 sub-carriers are used as pilots to
18



minimize the frequency and phase errors. The IEEE 802.11a standard can provide data
rates up to 54 Mbps. To reach a specified data rate, each carrier uses quadrature ampli-
tude modulation (QAM) or phase shift keying (PSK) to modulate the signal on each car-
rier. The time-related parameters and rate-dependent parameters are presented in Table 1

and Table 2, respectively.

Parameter Value

Number of Data Dub-carriers 48

Number of Pilot Sub-carriers 4

Total Number of Sub-carriers 52

Sub-carrier Frequency Spacing 0.3125 MHz
IFFT/FFT Period 3.2ps (1/A,)
Preamble Duration 16 us

Signal Duration BPSK-OFDM 4us ( T.p+Topy )
Symbol

Cyclic Prefix (CP) Duration 0.8 s (TFFT /4)
Training symbol CP Duration L6ps (7T,.,/2)
Symbol Interval 4us (TCP + Ty )
Short Training Sequence Duration | § s (1() Ty / 4)
Long Training Sequence Duration | § s ( T.,+ 2TFFT)

Table 1.  OFDM Timing Related Parameters for IEEE 802.11a Standard
(From Ref. 2.)
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FEC Coded Bits | Coded Bits | Data Bits
Data Rate . . per Sub- | per OFDM | per OFDM
Modulation | Coding .
(Mbps) Rate(R) carrier Symbol Symbol
(NBpsc) (Ncaps) (Npaps)
6 BPSK 1/2 1 48 24
9 BPSK 3/4 1 48 36
12 QPSK 1/2 2 96 48
18 QPSK 3/4 2 96 72
24 16-QAM 1/2 4 192 96
36 16-QAM 3/4 4 192 144
48 64-QAM 2/3 6 288 192
54 64-QAM 3/4 6 288 216
Table 2.  OFDM Rate Dependent Parameters for IEEE 802.11a Standard

(From Ref. 2.)
Table 3 presents the major parameters of the OFDM PHY. In this thesis, a data
rate of 24 Mbps with a FEC code rate of 2, and QPSK modulation were employed while

abiding by the other major parameters in Table 3.

6,9,12,18,24,36,48 and 54 Mbps

Information Data Rate | (6,12 and 24 Mbps are Manda-

tory)

Modulation BPSK OFDM
QPSK OFDM
16-QAM OFDM
64-QAM OFDM

Error Correcting Code K =7 (64 states) Convolutional
Code

Coding Rate 1/2,2/3, 3/4

Number of Sub-carriers 52

OFDM Symbol Duration | 4 ps

Guard Interval 0.8 s (Tcp)

Occupied Bandwidth 16.6 MHz

Table 3.  Major Parameters of OFDM PHY for IEEE 802.11a Standard

(From Ref. 2.)

For synchronization purposes, a preamble consisting of short and long symbols is

given in the standard. The IEEE 802.11a preamble is presented in Figure 12, where ¢, to

t,,denote short training symbols, and 7, and 7, denote long training symbols.

20
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Figure 12. IEEE 802.11a Preamble (After Ref. 2.)

6. IEEE 802.16a

IEEE 802.16a is a standard for fixed broadband wireless access systems for met-
ropolitan area networks (MAN) [6, 35], approved in 2003. The standard includes PHY
specifications and medium access control (MAC) modifications. The OFDM PHY layer
is one of the PHY layers specifications given in the standard and was designed for non-
line-of-sight (NLOS) communications in the frequency band 2-11 GHz. IEEE 802.16a
was intended for fixed wireless networks; however, IEEE 802.16 Task Group e (Mobile
Wireless MAN) is still working on an amendment to IEEE 802.16a for mobile wireless
MANS [26]. The IEEE 802.16-based systems, as an alternative to wired systems, are de-
signed to enable homes, offices, and small businesses as well as vehicles on the move to
access the networks. Several companies, such as Intel, Proxim, and Alvarion, have al-
ready begun developing equipment, such as hand-held devices and base stations, for

IEEE 802.16 and IEEE 802.16a systems [36].

Table 4 presents the symbol parameters for OFDM in IEEE 802.16a. In Table 4,
F,, T,, and T, denote the sampling frequency, the duration of the CP and the useful

symbol time before the CP addition, respectively. There are 192 data carriers and 8 pilot
carriers. One important issue to point out is that the length of the CP is not fixed in IEEE
802.16a. On initialization of communication between a base station and a subscriber sta-
tion, the subscriber station should search for all possible values for the CP [6]. Once the
subscriber station obtains the length of the CP, it uses the same length for the uplink
transmission. Table 5 provides channelization parameters for licensed bands in the US. It
can clearly be seen that the length of the OFDM symbol and the CP change when the
bandwidth changes.
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Parameter Value

Nepr 256

N 200

F /w Licensed Channel Bandwidths that are Multiples

of 1.74 MHz and License-exempt: 8/7
Any Other Bandwidth: 7/6

(7./1,)

1/4, 1/8, 1/16, 1/32

Number of Lower Frequency 28
Guard Carriers
Number of Higher Frequency 27

Guard Carriers

Frequency Offset Indices of
Guard Carriers

-128,-127,...,—101
+101,+102,...,+127

Frequency Offset Indices of Basic
Fixed Location Pilots

-84,-60,-36,-12,12,36, 60,84

Table4.  OFDM Symbol Parameters for IEEE 802.16a (From Ref. 6.)

OFDM (N ppp = 256)
W
Bw T, ius)
(MHz) A kHz) T;:-'- s}
an:' a2 ?_Ir, 16 ?_,’:l 8 ?_.r:' 4
s 25 35 72 [ 2 51 2|25
g0 | Va5 | %35 | U3 | 1955 | PMSS
==
I 5.0 2910 331 12 bES 12 b
5 2% | M5 '35 35 e
i~ 96 35 35 35 35 33
? 15.0 682 1422 L6 32 12 32
= 64 35 | 35 33 23 2

Table 5.  Channelization Parameters for Licensed Bands for IEEE 802.16a;
Af denotes the frequency spacing, 7, denotes the length of the CP, and WCS

stands for wireless communication service (From Ref. 6.)
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C. SUMMARY

The fundamentals of OFDM were presented in this chapter. Also included were
the wireless channel characteristics as well as how OFDM deals with them. The wireless
channel is a multi-path channel causing ISI, ICI, and fading, and it has a time-varying
nature. OFDM effectively deals with ISI and ICI by employing a cyclic prefix. Using a
parallel transmission scheme mitigates the frequency selective fading. Parallel transmis-
sion also allows high data rates with high spectral efficiency. Besides mitigating channel

effects, OFDM has implementation advantages.

The structure of the OFDM scheme used in this thesis is also described. In the last
part of the chapter we introduced two standards that are using OFDM, a WLAN standard
IEEE 802.11a and a WMAN standard IEEE 802.16a.

The next chapter presents the need for timing synchronization and the effects of

timing errors. Following that, various timing synchronization methods are introduced.
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III. TIMING SYNCHRONIZATION AND INTRODUCTION OF
ALGORITHMS

In this chapter, we present the need for timing synchronization in OFDM-based
systems, the effects of timing errors, and the distortions caused by these errors. The tim-
ing algorithms are also introduced in this chapter together with the results of simulations
conducted in an ideal channel environment.

A. THE NEED FOR TIMING SYNCRONIZATION AND TIMING ERRORS

At the OFDM receiver, the signal initially goes through a synchronization process
before being demodulated into the frequency domain (this was not shown in Figure 9).
Besides timing synchronization, the synchronization process also includes synchroniza-
tion of the frequency, the sampling clock, and the phase. However, they are beyond the
scope of this study. The very first process the signal goes through is the coarse timing or
signal detection. The function of coarse timing is to detect the incoming signal and to ac-
tivate the receiver for the data. The coarse timing is not precise enough to determine the
actual start time of the symbols, so fine timing synchronization methods are required to
determine the actual start time of the symbol. Fine timing is crucial to reduce both the ICI

and ISI.

The purpose of the timing synchronization or the timing offset estimation is to
find a starting point for the FFT operation at the receiver. The importance of the accuracy
of such an estimate lies in the fact that ISI and ICI can be avoided. Figure 13 shows an
illustration of where ISI and ICI might occur in an OFDM system (also see Figure 7).
The ISI and ICI may occur under two conditions, assuming that there are no frequency
errors. The first condition is when we choose a sample close to the end of the CP as the
correct starting point of the FFT window, i.e., early timing, due to multi-path. This type
of IST and ICI is illustrated as “ISI and ICI region 1” in Figure 13. When timing is esti-
mated in this region, ISI and ICI occur due to the delayed versions of the previous OFDM
symbol (see Section C of Chapter IV). The second condition is when we choose a sample
outside of the CP as the correct starting point, i.e., late timing. This type of ISI and ICI is
illustrated as “ISI and ICI region 2” in Figure 13.
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Figure 13. Illustration of ISI and ICI in OFDM Systems

As mentioned earlier, having ISI from the previous symbol due to multi-path also
causes ICI. The distortion caused by ICI in this case is negligible. In a non-coherent de-
tection scheme, such as differential coding/decoding used in this thesis, there will be
some residual phase rotation due to ICI. In such systems, a timing phase estimator [16,
17] could be used to detect and to correct the phase rotation caused by ICI. Figure 14 il-
lustrates the effect of the ISI and ICI due to early synchronization, i.e, early timing, in

terms of bit error rate versus bit energy-to-noise ratio ( £,/N, ) in dB. In this case, the

start of the FFT is chosen 6 points away from the region between the end of the CP and
the length of the channel impulse response. The simulation was run for 20,000 symbols
under Mobile Indoor Channel 1 with QPSK modulation (see Chapter IV for channel de-
scriptions). The data points on the plots are connected with a line. It can clearly be seen
that early timing degrades the BER. For the same BER, the case with early synchroniza-

tion requires about 0.5 dB more energy than the case with correct timing.
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Figure 14.  The Effect of ISI and ICI due to Early Timing under Mobile Indoor
Channel 1

The effect of ISI and ICI due to late timing, however, can be more destructive
than early timing since, in the case of late timing, the OFDM symbol includes samples
from the CP of the next OFDM symbol. This effect can be thought of as a burst error.
The effect worsens as the number of foreign samples included in the FFT window in-

crease.

In order to avoid ISI in IEEE 802.11a systems, it is a rule of thumb to move the
estimated timing point back 4 to 6 samples [1]. The same rule can be used for other sys-
tems depending on the channel impulse response, the expected delay spread, the FFT
window, and the CP. We ran simulations (see Chapter I'V) to see the effects of ISI and
ICI in the late timing case with a timing offset of100 ns, i.e., two samples. Figure 15 pre-

sents BER versus bit energy-to-noise ratio (E, /N, ) plots for correct timing and timing

offset of 100 ns in Mobile Indoor Channel 1 with QPSK modulation. The simulation was

run for 20,000 symbols. The data points on the plots are connected with a line. It can be
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observed from the figure that the BER plot for this late timing is as much as 2 dB worse

than the BER plot for correct timing.

10 ———— | — I e ) [ e —
| 1 — +
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B ©&— Correct timing ]

BER

E,/N, (dB)

Figure 15. The Effect of ISI and ICI due to Late Timing with an Offset of 100 ns under
Mobile Indoor Channel 1

B. COARSE TIMING

The function of coarse timing is to find the start of an incoming data packet. In
packet switched networks, each packet has a preamble. The IEEE 802.11a and IEEE
802.16a packets also have preambles designed to ease various tasks as well as synchroni-
zation [2, 6]. In an OFDM system, the very first algorithm to run is the coarse timing al-

gorithm [2, 6], and the rest of the tasks rely on the performance of this algorithm.
Coarse timing can be defined as a binary hypothesis test consisting of two state-

ments: the null hypothesis, /,, and the alternative hypothesis, /7, [1]. To set up the test,

we need a metric M (n) , 1.e., a decision variable, and a threshold, y, to test against. The

test is defined as

H,:M(n)<A= Packet not present
H,:M(n)>y= Packet present.
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Coarse timing is characterized by two probabilities, probability of detection of a

packet, P, given the fact that a packet is present and the probability of false alarm, P, ,

i.e., detecting a packet when there is no packet. Intuitively, the probability of a false
alarm should be as small as possible. However, there is a trade-off between having a

low P, and a high P, . Increasing one of them causes the other one to increase [1]:

PpTer, 1t
Pler, .
Reference [1] presents two algorithms for coarse timing. The first one is based on
a measure of the energy of the incoming data. In this case, there is no need to have a spe-
cifically designed preamble or a training symbol. In the absence of data, the received sig-
nal would be made of only AWGN samples, which are uncorrelated to each other. In the

equations below, r(n),s(n),w(n) denote the received signal, the data and the AWGN,

respectively, and they are related as

w(n) in the absence of data
r(n) = (3.1)

s(n)+w(n) inthe presence of data.
The accumulation of the energy of the signal over a window will result in small

values for AWGN, and there will be a rise in the energy level £ (n) after the start of the

packet edge. This can be expressed as

M (n)=E(n)= g\r(n-k)r . (3.2)

where L is the length of the window.

Clearly, the metric M (n) depends on the energy of the data sent. A sliding win-

dow scheme is used to obtain the energy of the signal. Figure 18 shows a plot for the en-
ergy of the signal over a window length of 32 samples. The simulation was run in the

AWGN channel with £, /N, =10 dB. The transmitter sends its first symbol of a 1200-bit

packet after 4 psof null transmission, i.e., transmission of all zeros for4 ps. The packet

starts at the sample number 80. The timing metric takes its first value at sample 48, which
is 32 samples away from the starting point of the packet. After the exact starting point at

sample 80, the timing metric tends to be flat.
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Figure 16. Detection by Energy over a Window

The crucial point at this stage is to set up a reliable threshold, since the threshold

determines P, and F, of the test. In [7], F, is given as

P =Q(i—max(M(n))J’ (33)
o
where the Q -function is defined as
% i
= g 3.4
0(2) Iﬁe v, (3.4)
and
Pr(y> xo_’"]:Q(xO _mj:Q(z). (3.5)
o o

Another method discussed in [1] is a double sliding window method for which

there are two windows, A and B, of the same length. In the absence of data, the response
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to the algorithm is flat. In this case, both windows collect ideally the same amount of
noise energy. As the packet edge enters window A, the metric gradually increases until
the packet reaches window B. The metric continuously decreases as the packet goes
along window B. After window B is completely inside the packet, we expect the metric

to be flat again. This phenomenon can be observed in Figure 17.

M(n) Th

Figure 17. Illustration of Double Sliding Window Detection Algorithm (After Ref. 1.)

The equations below show how the double sliding window algorithm works. Let

M (n)= ZEZ? (3.6)
where
a(n) = i‘r(n—k)r (3.7)
and .
b(n)= r(n+k)[ . (3.8)

Figure 18 shows the simulation result for a double sliding window technique with

E,/N, =15 dBin AWGN channel. In this example, the A and the B windows have a

length of 32 samples. The triangle shape can clearly be observed beginning from sample
number 48 and ending around sample number 112. These two numbers are the outer
edges of the two windows when the timing metric reaches its peak. The start of the
packet is sample number 80, where the timing metric has its peak. So, if we set a thresh-
old around the timing metric value of 20, we will have an early detection. However, this
does not affect the performance of the system since the symbol start time is to be detected

by fine timing synchronization.
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Figure 18.  Detection by Double Sliding Window Technique in AWGN Channel
withE, /N, =15 dB

For signal detection, we propose another method called “Proposed Method 2”
which was originally proposed for fine timing synchronization and modified for coarse
timing. The algorithm and details are introduced in Section C.6 in this chapter. With this
method, we do not normalize the energy measured over a period with an amount of en-
ergy obtained from an identical symbol or symbol part as in [4, 5, 8]. This method, com-
puting the energy in the frequency domain, requires less computation. Figure 19 presents
the simulation result for this method. The training symbol here is a quarter of an OFDM
symbol in IEEE 802.11a, and the plateau has a length of eight samples. The starting point
of the data packet is 145. The plateau starts exactly eight samples before the packet edge.
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Figure 19.  Signal Detection by Proposed Method 2

Signal detection is not complex and is fairly easy to understand and to implement.
Most of the techniques used for fine timing synchronization, i.e., symbol timing, can be
used for coarse timing as well.
C. FINE TIMING

In this section, the fine timing methods of interest are described. In all, six timing
methods are introduced.

1. Schmidl and Cox Method

In Schmidl and Cox method [8], timing synchronization is achieved by using a
training sequence whose first half is equal to its second half in the time domain. The ba-
sic idea behind the technique is that the symbol timing errors will have little effect on the

signal itself as long as the timing estimate is in the CP.

The two halves of the training sequence are made identical by transmitting a PN
sequence on the even frequencies while zeros are sent on the odd frequencies. When we

take the IFFT of this sequence, the property of being identical can be seen. Another way
33



of achieving this training symbol with two identical halves is to use a PN sequence of
half the symbol length (32 points for the case of IEEE 802.11a), take the IFFT of it, and
then repeat it. As stated in [8], one advantage of sending zeros on odd frequencies is that,
especially in continuous broadcasting systems like DVB, this property could be used to
distinguish the training symbol from the data since the data would have values on the odd
frequencies. Table 6 shows a PN sequence for the training symbol. However, in [8], a

different PN sequence whose values are taken from a 64-QAM constellation is used.

Frequency Number \/E(mk)
0 1+1%;
0
—1+1%*i
0
1+1%;
0
1-1%;
0
1+1%;
0

O N[O (O [WIN (=

Table 6. PN Sequence for Training Symbol for the Method in [8]

Let N be the number of complex samples in one OFDM symbol. The algorithm

defined in [8] has three steps, based on the following equations:

(N/2)-1

P(n)=Y (r(n+k) r(n+k+N/2)). (3.9)
R(n)="> |r(nsk+N/2) . (3.10)
w ()= 202 G.11)

.
(R(n))
In Equation 3.9, the algorithm has a window length of N , which is also the num-

ber of sub-carriers. The starting point is the value of »n, which maximizes M (n) . In fact,

from the definition, P(n) expresses the cross-correlation between the two halves of the
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window; in Equation 3.10, R(n) represents the auto-correlation of the second half. When

the starting point of the window reaches the start of the training symbol with the CP, the

values of P(n) and R(n) should be equal giving the maximum value for the timing

metric as defined in Equation 3.11.

Under ideal conditions, when there is no channel effect and no noise, the timing
metric gives a plateau of width equal to the CP. In order to see how the algorithm works,
we implemented the algorithm and obtained the timing metric. Figure 20 shows the tim-
ing metric under ideal channel conditions. It is obvious that the plateau starts at the sam-
ple 81, which is the starting point of the CP, and the plateau runs till the sample 97,
which is the start of the symbol. The length of the plateau should reduce down to the CP

minus the length of the channel impulse response under the actual conditions.

1.4

1.2+ B

0.8+

0.6

Timing Metric

0.4

0 | | | | | |
0 20 40 60 80 100 120 140

Sample Number

Figure 20. Timing Metric for Schmidl and Cox Method under Ideal Conditions with No
Channel Effect and No Noise
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There are two methods to determine the symbol timing. The first one is just to
find the maximum of the metric. The second one is to find the maximum, and the points
to the left and right that are 90% of the maximum and then compute the average of these
two 90% points to find the symbol timing estimate. The second method is more desirable
when the metric has a plateau as shown in Figure 20.

2. Minn and Bhargava Method

In [4], Minn and Bhargava present another method to reduce the uncertainty that

[8] has in finding the correct timing. They propose an OFDM training symbol to be of the

- 5 =

where S/4 represents the N/4 point IFFT of a modulated PN sequence. The chosen PN

form given by

sequence is given in Table 7.

Frequency Number | PN Sequence | Frequency Number | PN Sequence
0 1+1%i 8 —1+1%*i
1 —1+1%] 9 1-1%*;
2 —1-1%; 10 1+1%§
3 1-1%i 11 1-1%i
4 1+1%§ 12 1-1%§
5 1-1%; 13 —1+1*i
6 —1+1%] 14 1+1%]
7 —1+1%*i 15 —1+1%*i

Table 7. PN Sequence to Obtain the Training Symbol in [4]
The cross-correlation sequence between the positive-valued and negative-valued

parts of the training symbol is given by

r*(n+2Lk+m)r(n+2Lk+m+L), (3.12)

and the auto-correlation sequence of the second positive-valued and negative-valued parts

of the symbol

Rz(n)zi lr(n+2Lk+m+ L) (3.13)
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where L is the length of S/4 . Finally, the timing metric is given by

= t2l
=

Equation 3.13 basically calculates half symbol energy using N/2 samples. This

‘2

(3.14)

equation can be replaced by

RzAl(n):%Nz;‘r(n+m)‘2. (3.15)
In our simulations, we used Equation 3.15. "

The idea behind this method is to avoid the plateau we found in [8] and shown in
Figure 20. Another point to note is that the results are based on 1,024 sub-carriers and
10% of the OFDM symbol as CP, which corresponds to 102 samples. This technique is
not directly applicable to IEEE 802.11a since there are only 64 sub-carriers and the CP is
16 samples that correspond to one-fourth of the OFDM symbol itself. In the simulations,

we did not add the CP. Adding the CP causes the timing metric to have more peaks.

Figure 21 shows the timing metric under ideal channel conditions. The middle
peak is the peak of interest. In this simulation, the starting point of the training symbol is

sample 96, where the timing metric has a peak with the magnitude of 1.
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Figure 21. Timing Metric for Minn and Bhargava Method [4] under Ideal Conditions
with No Channel Effect and No Noise

3. Park et al. Method
The third method we studied was proposed by Park et al. [5]. The training symbol

used in this method is given by

A\E =

where S/4 represents time samples of length N/4 formed by IFFT of a PN sequence,

and A/ 4" represents the time-reversed conjugate of S /4 . This symbol can easily be ob-

tained by having a real-valued PN sequence on the even frequencies and zeros on the odd
frequencies and applying the IFFT operation to this sequence. A new algorithm is pro-

posed to exploit the symmetric property of the above training symbol. The cross-
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correlation sequence, the auto-correlation sequence, and the timing metric, respectively,

are given by

P ()= r(n-k)(n+k). (3.16)
R3(n)=Nz/2\r(n+k)2, (3.17)
M, (n)= 2] (3.18)

—.
(Rs (”))
The idea behind the symmetric property of this algorithm is to have only one mu-

tual product for each n value. Therefore, the estimation of the timing occurs at the de-

sired correct symbol timing while other values approach zero.

In this method, although the peak occurs exactly at the correct timing, we found
that its peak magnitude is very sensitive to AWGN and indoor multi-path channels,
which makes the estimation over a threshold difficult. We further discuss this issue in

Chapter IV.

Figure 22 presents the plot for the timing metric under ideal channel conditions.
The desired starting point is 129, and the delta function-like shape of the timing metric
can clearly be seen at the exact starting point. The timing metric for this method has a

narrower peak than both methods discussed earlier (see Figures 20 and 21).
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Figure 22. Timing Metric for Park et al. Method under Ideal Conditions with No Chan-
nel Effect and No Noise
4. Wang et al. Method

The fourth method in our study is presented in [9]. It employs the preamble given
in the IEEE 802.11a standard (see Figure 12). In this method, fine synchronization is
achieved through two steps, coarse timing and fine timing. The term coarse timing is
used here in the sense that it provides a reference point as to where to start the fine timing

process. In coarse timing, there are two metrics to define:

N,-1

ir(n+m)r(n+m+Ns)*
ml(n): ne N,-1 > (319)
> Jr(n+m)
Ni?r(n+m)r(n+m+2]\/é,)*
m, (n) === T : (3.20)
Z:;)‘r(n+m)‘



The first metric m, (n) is the normalized auto-correlation between the received
signal and a delayed version with the delay equal to N, where N, =16. It gives us a pla-
teau of nine short symbols. The second metric m, (n) has the same properties except for

N, =32, 1i.e., the length of two short symbols. It gives us a plateau of eight short sym-
bols. The actual metric we use for detection is given by
M, (n):m](n)—m2 (n) (3.21)
The coarse timing can be achieved by searching the maximum point in M, (n) .
Figure 23 and 24 shows the metrics. The metric m, (n) in Figure 23 has a plateau of 8

short symbols whereas the metric m, (n) has a plateau of 9 short symbols. The metric

M, (n) in Figure 24 shows the result of the subtraction operation in Equation 3.21.

Timing Metric
Timing Metric

0.5+ q 0.5F

I I I | I I I |
0 50 100 150 200 250 0 50 100 150 200 250
Sample Number Sample Number

(a) (b)
Figure 23. Metrics: (a) m,(n) and (b) m,(n)
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Figure 24.  Coarse Timing Metric M, (n)

In [9], it is claimed that even if this metric is well localized in time, it may not
perform well since the peak could be off. Therefore, this process needs another step,
which is fine timing. Fine timing is realized by using long training symbols. For fine tim-
ing, they use a method that has been studied in [19, 42] for continuous transmission to
estimate the channel response. The least squares estimation of the channel frequency re-

sponse can be expressed as [9]

RION eN
H(k)=1{X (k) " (3.22)
0, keN,

where H (k) is the channel frequency response at the sub-carrier k, Y(k)is the k-th
sample of the received long training symbol, X, (k)is the k-th sample of the transmit-

ted long training symbol, and N, is the number of sub-carriers in the long training sym-
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bols. In IEEE 802.11a there are 53 sub-carriers in the long training symbols. After obtain-
ing H(k), it is easy to find the channel impulse response h(i ) as given by
N-1 J2mki

h(i)=Y H(k)e ¥ , i=0,1,.,N—-I. (3.23)

k=

At this point, optimum timing synchronization can be applied as discussed in [28], in the

presence of multi-path channels, to find the path delay. The starting time of the symbol is
defined as the starting time of a window with the length of CP, which contains the maxi-

mum power of the estimated channel impulse response. If the channel impulse length is

shorter than the CP, the window size may be reduced to the channel length. The optimum

timing can be found by searching for the maximum value in M (i ) given by

N1
. X . . 2
M (i)=Y |h(i+)) (3.24)
=0
where N, represents the size of the window.
5. Proposed Method 1 (a Modification of the Park et al. Method)

Here we propose a new method to prevent the peak degradation in [5] due to the

distortion by AWGN. We define a new symbol form given by

| [ [ |

where S/4 represents a 16-point IFFT of a PN sequence, and A/4 is defined to be sym-
metric with S/4 . The metric, cross-correlation sequence and the auto-correlation se-

quence are given as follows:

MM):‘PL”)‘Z, (3.25)
(Ré(”))
where
B(n)=> r(n—ky(n+k+1), (3.26)
and 7
Ré(n):N_l r(n—%+1+kj . (3.27)




Figure 25 illustrates how the algorithm works. The numbers represent the time
samples of a PN sequence of length 4, and * represents the conjugation. When the sliding
window value n reaches the sample indicated by the arrow, the algorithm correlates n
with n+1, and then n—1 with n+2 and so on. In the Park et al. method, the adjacent
timing metric values have one mutual product, but the adjacent values in the timing met-

ric of this method have no mutual products.

[ =)

* Sk & * ]

12134143121 ]1]2]3]4]4]3]2

Figure 25. Illustration of How the Algorithm for Proposed Method 1 Works

Figure 26 shows the timing metric for the Proposed Method 1. The simulation
was run under ideal channel conditions. The symbol starting point is 128. The timing
metric has its maximum value exactly at the starting point of the symbol. This method

has the same shape for its metric as that of Park et al. method (see Figure 22).
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Figure 26.  Timing Metric for Proposed Method 1 under Ideal Conditions with No
Channel Effect and No Noise

6. Proposed Method 2

The final method we present is a cross-correlation based method. We offer two
slightly different algorithms here. The first one is designed to be used for fine timing, and
the second one is designed for coarse timing. However, either one may be used for both

coarse timing and fine timing.
Let (n) be the received signal, and s(n)be the transmitted signal. The transmit-

ted signal s(n) is given by

< |

where S/4 represents the IFFT of the training sequence as shown in Table 8.
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Frequency Number | PN Sequence | Frequency Number | PN Sequence
0 T+7%i 8 —T+7*i
1 T+7%i 9 7-T7%i
2 —7-T*i 10 T+7*i
3 7-=T%i 11 7—-T7%i
4 T+7*i 12 7-=T%i
5 7-T7%i 13 —T+7*i
6 —7+7%i 14 T+7%i
7 —7+7%*i 15 —7+7%i
Table 8. PN Sequence to Obtain the Training Sequence S/4

The FFT of the received and the transmitted signals are given by:
R(k)=FFT{r(n:n+16)j,
S(k)=FFT{s(n)}.

The cross-correlation between r(n) and s(n) can be obtained as

Y(1)=TFFT{S(k)R(k) }.
Finaly, the timing metric is given by
M,(n)= max‘Y(l)‘ .

(3.28)
(3.29)

(3.30)

(3.31)

Equation 3.28 represents a sliding FFT window with the length of 16, which

comes from the length of the transmitted signal s (n) . After implanting the algorithm, we

observed that the metric M, (n) reaches its maximum value exactly at the desirable

point. Figure 27 presents the timing metric under ideal channel conditions. The symbol

starting point is 144 in this simulation. The timing metric has its peak at 144 while there

are no other peaks present.

46



100

90 -

80 -

60 -

50 -

30

10

| | | | |
0 50 100 150 200 250 300 350

Figure 27. Timing Metric for Proposed Method 2 for Fine Timing (first algorithm)

The second algorithm as part of the Proposed Method 2 is more suitable for
coarse timing since it can reach a plateau in a few samples and keep its maximum value
for several samples. The length of the plateau can be determined by the designer. It pro-
vides enough time to determine the presence of the signal, and the peak is strong enough

to exceed a threshold, even under severe channel conditions and low values of SNR .

This algorithm differs from the one presented above in the structures of the
transmitted and the known training sequences. The same training symbol as in the first

algorithm is used.

Let s (n) be training sequence known by the receiver and given by

s(»)= ([5A] .0.0.0,0) 632)
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The FFT of the received signal »(n) and the training sequence s(7) known by the re-

ceiver are given by

R(k)=FFT{r(n:n+20)}, (3.33)
S(k)=FFT{S(n)} (3.34)

where the length of the FFT window is 20 due to the zero padding in s(n) in Equation
3.32. The cross-correlation between r(n) and s(n) can be obtained as

Y (1) =TFFT{S (k)R (k) | (3.35)
The same metric in the first algorithm is used.

The length of the plateau can be changed by altering the length of zero padding in
Equation 3.32. Figure 28 shows the timing metric for the second algorithm. The plateau
in Figure 28 has a length of four samples, which is the length of zero padding in Equation
3.32. The packet starts at the sample number 144. Both of the algorithms introduced in

this method can be implemented with longer PN sequences.
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Figure 28. Timing Metric for Proposed Method 2 for Coarse Timing (second algo-
rithm)
D. SUMMARY
In this chapter, we presented the need for timing synchronization, the effects of
timing errors on the performance of the OFDM system, and the methods used for timing
synchronization. We also provided the performance plots for algorithms in a noise-free
environment without any channel effects. The next chapter presents the performances of

timing synchronization methods in time-varying, multi-path indoor, and outdoor chan-

nels.
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IV. OFDM SYSTEM SIMULATIONS IN MATLAB

In Chapters II and III, we covered the fundamentals of OFDM, the basics of two
OFDM-based standards in use, the importance of timing in OFDM systems, the timing
errors, and their effects. Additionally, we introduced several algorithms presented by
various authors and researchers as well as two new algorithms. This chapter presents a
Matlab simulation of an OFDM system that operates under different channel conditions
and the performances of the timing methods.

A. SELECTING SYSTEM PARAMETERS

The Matlab simulation used in this thesis is based on the IEEE 802.11a standard.
The standard allows different modulation schemes [2]. We chose QPSK, which gives us a
bit rate of 12 Mbps, i.e., an operational bit rate of 24 Mbps due to the FEC rate of 1/2.
The bit rate is calculated as follows:

bits per OFDM symbol x FEC rate 96 bits/symx 0.5
OFDM symbol time 4us

bit rate = =12 Mbps (4.1)

Without considering the coherence bandwidth issue and channel effects, the effi-
cient bandwidth usage in OFDM can be observed when we calculated the required band-
width for the same bit rate for QPSK modulation, using

W, =2R =2R /k (4.2)
where W, denotes null-to-null bandwidth required, R, denotes symbol rate, R, denotes

bit rate, and & stands for bits per symbol. When we put the numbers in the equation we

getW =24 MHz. The standard gives the occupied bandwidth as 16.6 MHz, and the

bandwidth efficiency can be calculated as

2AMOPS 4 bivss/Hz. (4.3)
16.6 MHz
The symbol interval given in the standard is 4 ps, and the sub-carrier spacing
given is 0.3125MHz [2], which is obtained from the standard as

20MHZ _ ) 3125 MHz. (4.4)
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However, all of the 64 carriers are not used for transmission. The standard gives
the number of sub-carriers as 52, 4 of which are assigned as pilot sub-carriers and 48 of
which are assigned as data carriers. The calculation is as follows:

occupied bandwidth  16.6MHz 53 (4.5)

N = = =
frequency spacing  0.3125 MHz

The 53" sub-carrier is used only for long training symbols in the 802.11a preamble de-

fined in the standard [2]. The 4 pilots are used for detecting frequency and phase errors.

The CP has 16 samples that correspond to 800 ns. One OFDM symbol ready for

transmission consists of 80 samples representing 4 psin time as in the standard. The

other parameters can be seen in Table 1 in Chapter II.
B. SIMULATION METHODOLOGY

The code used in simulation is based on [12] and modified later on by [13]. We
did not change the basic structure of the code. Before adding our required sub-blocks for
each of the timing algorithms, we ran simulations under different channel models to see if
the code is correct and reliable. The simulation steps performed are presented in Figure

29.
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Figure 29. Matlab Simulations Scheme

We assumed a similar simulation process as in [13]. First we ran the code under
ideal conditions, i.e., without noise and channel effects, to verify the code. After verifica-
tion, we ran simulations for an AWGN channel, two mobile indoor channels and two
mobile outdoor channels. The characteristics of these channels are presented in this chap-
ter. Before the timing-related simulations were conducted, the performance of the system
was investigated to show how mobile channels affect the system. As the final step, we
simulated each of the timing methods under different channels to see the channel effects
on the timing. From the results, it can be observed which channel affects the system more

severely. Table 9 presents the simulation steps.
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Order Simulation Channel Description
No.
l. Code Check Channel without AWGN and
Multi-path Effects (Ideal channel).
2. Performance in AWGN | AWGN Channel
3. Performance in Mobile Multi-path + AWGN Channel
Channels
4. Performance of Timing a. AWGN Channel
Methods b. Mobile Indoor Channels
c. Mobile Outdoor Channels

Table 9. The Order in Which the Simulations are Executed

The approach in Table 9 allowed us to see how different communication envi-
ronments can affect a real system and to make comparisons and inferences to have a
deeper understanding of OFDM and the channel effects on it. We used this knowledge to

better understand the channel effects on timing methods.

The verification of the code and the results are presented below.

1. Code Check (Ideal Channel)

We checked the code in an ideal channel free from noise and any channel effects.
With no distortions affecting the channel, the receiver should receive exactly what the
transmitter sends. The simulations were run employing QPSK and 8-PSK modulations.

The results showed that the system functioned correctly.

Table 10 lists the parameters of a simulation run for QPSK and 8-PSK implemen-
tations, respectively. It can be seen from Figure 30 and 31 that the receiver constellations

are the same as those of the transmitters.
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Modulation | Channel # of #of data | Seed | Interleaver
model symbols | carriers block size
QPSK Ideal 1000 48 33 [42 24]
8-PSK Ideal 1000 48 33 [42 24]
Table 10.  Code Check Simulation Parameters for QPSK and 8-PSK
(a) (b)
Figure 30. (a) Transmitted and (b) Received QPSK Constellations for Ideal Channel
Conditions
(a) (b)
Figure 31. (a) Transmitted and (b) Received 8-PSK Constellations for Ideal Channel
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2. OFDM Performance in AWGN Channel
As the second step, we tested the performance of the system for AWGN. Since

the same channel types as in [13] were used, we compared our results to those obtained in
[13]. Figure 32 illustrates the effect of AWGN on the signal we send. The spread in the
constellation is a clear illustration of how errors occur in an AWGN channel. In Figure
32, the decision boundaries divide the constellation into four decision regions separated
by the decision boundaries. By surveying the decision boundaries on the QPSK constella-
tion, it can be seen that the received symbols are very close to these boundaries. Since the
receiver is designed according to the decision boundaries, any decision meant for the ad-

jacent region would be an error. It also reflects the random nature of AWGN.

2 ‘ |

Decision boundaries

Imaginary

Figure 32.  Received QPSK Constellation for the AWGN Channel with E, /N, =10 dB
and 2000 Symbols

Figure 33 presents the BER versus E, /N, plot for QPSK modulation under

AWGN as well as a similar plot from [13] for comparison purposes. The degradation in
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communication can clearly be seen as E, /N, decreases. Figure 34 illustrates the magni-

tude variation in AWGN channel. Figure 34(b), having random peaks and dips, illustrates
the magnitude degradation and the randomness contributed by the AWGN.

Eb/NofdE) ! ° ! Eb/No(dB)
(a) (b)
Figure 33. BER Plots for QPSK Simulation in AWGN Channel (a) From Ref. 13, (b)
Simulated
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Figure 34. Magnitude Variation in AWGN Channel with E,/N, =10 dB, (a) Trans-
mitted Packet, (b) Received Packet
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3. Performance under Mobile Channels
We used two channel types, indoor and outdoor channels. Each type has two
channels. The channels are: Mobile (indoor) channel 1, mobile (indoor) channel 2, mo-
bile (outdoor) channel 3, and mobile (outdoor) channel 4. The distinction between them
is the number of paths, the relative velocity of the receiver, i.e., Doppler frequency, and
the delay lengths and different filters. The major characteristics are presented later in this
section.
a. Mobile Indoor Channels
Mobile indoor channels (Mobile Indoor Channel 1 and Mobile Indoor
Channel 2) are characterized by frequency selective fading, 18 multi-path components,
delays associated with multi-path components, Doppler frequency shift and AWGN. Mo-
bile Indoor Channel 1 and Mobile Indoor Channel 2 differ from each other by having dif-
ferent Doppler shifts. The characteristics are given in the m-file called cofdmsim in Ap-
pendix A. The indoor channels have 4 parallel 7™-order linear finite impulse response
(FIR) filters with 8 taps [11]. The coefficients of the filters are taken from [14]. These
filters can be found in m-file called cvdd in the code in Appendix A. Figure 35 gives a
schematic of the filters. The filter coefficients assigned for the four FIR filters are tabu-

lated in Table 11.

x(r)

¥ r ¥

FIR FIR FIR FIR

filter filter filter filter

Vi) vy () Vi) Vg lr)
L J ¥ L 3
Y - ’
D a=>, L D "D | P *1 » V()

Figure 35.  Modeling of Mobile Indoor Channels Using FIR Filters and Delay Elements
D (From Ref. 13.)
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b. Mobile Outdoor Channels

0 1 2 3 4 5 6 7
a, | 0013824 | 0054062 | —0.157959 | 0616394 | 0616394 | —0.157959 | 0.054062 | 0.013824
a, | 0003143 | —0.019287 | 0.1008 —1.226364 | 1226364 —0.1008 | 0.019287 | —0.003143
a, | 0055298 | —0216248 | 0.631836 | —0465576 | —0.465576 | 0.631836 | —0216248 | 0.055298
a, | 0012573 | 0.077148 | —0.403198 | 0905457 | —0.905457 | 0403198 | —0.077148 | 0.012573
Table 11.  FIR Filter Coefficients for Indoor Channels

In mobile outdoor channels there are a smaller number of multi-path com-

ponents. This type of channel is modeled using 6-tap FIR filters. They are also character-

ized with time-varying coefficients based on Jakes spectrum [15]. The major characteris-

tics of channels are shown in Tables 12 and 13. The parameters specified in Tables 13

and 15 can be changed to reflect the desired channel characteristics.

Path No 1 2 3 4 5 6
Time delays (ms) 0 0.25 0.5 1 1.9 2.20
Power losses (dB) 0 1 9 10 15 20
Ricean factor 0 0 0 0 0 0

Table 12.

Mobile Outdoor Channel 3 Parameters with f, =200 Hz
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Path No 1 2 3 4 5 6

Time delays (ms) 0 0.25 9 13 17 20
Power losses (dB) 02.5 0 9 10 25.2 16
Ricean factor 0.5 0.5 0 0 0 0

Table 13.  Mobile Outdoor Channel 4 Parameters with f, =200 Hz

c Channel Simulations

The purpose of the channel simulations was to see channel behaviors and
their effects on the signal. These simulations have also enabled us to compare the chan-
nels in terms of the distortion that they cause. This is very beneficial to the concept be-
hind this study, since our goal was to see the performances of different timing algorithms
for various channels with different characteristics. The four mobile channel models with
different characteristics were simulated, and the performance plots are presented later in
this section. Table 14 presents the parameters used for simulations in this section. QPSK
and 8-PSK modulation schemes with frequency differential coding were employed for

each channel model with 40,000 symbols and E, /N, =10 dB.

Modulation | Channel # of Seed E / N Dif.Coding | Interleaver
b/*Vo .
model symbols block size
QPSK 1,234 40000 33 10 Frequency [278 139]
8PSK 1,2,3,4 40000 33 10 Frequency [278 139]

Table 14. Mobile Channel Simulation Parameters

Figure 36 shows the received signal constellations for QPSK before the
signal is differentially decoded. In these constellations, it can be clearly observed that

each channel has a pattern of affecting the signal. The samples on the received signal
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constellation are scattered and shifted depending on these patterns, which is an indication

of different channel features.

Inagiary
magrary

Real Real

(c) (d)

Figure 36. Effects of Mobile Channels on QPSK Signal Constellation (Before Differen-
tial Decoding), (a) Mobile Indoor Channel 1 (From Ref. 13.), (b) Mobile In-
door Channel 2 (From Ref. 13.), (c) Mobile Outdoor Channel 4, (d) Mobile

Outdoor Channel 3

Figure 37 illustrates the destructive effect of the mobile channels on the
magnitude plot of the received OFDM packet. The combined effects of multi-path, Dop-
pler shift, losses, delays and AWGN can better be observed when we compare Figure
31(a) and Figure 37. An interesting point is that the channel effects are not the same for
all of the sub-carriers used in the transmission. This is more distinct in indoor channels.
Having as many multi-paths as 18, indoor channel effects are more prominent on the

tones around the center of the spectrum used (see Figure 37). This can be attributed to the
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fact that the center frequencies are more affected by the adjacent tone interference [13].
Another issue to point out is that the time-varying nature of outdoor channels can also be
observed. It can be seen from Figure 37 that OFDM symbols sent at different times are

affected by the channel differently from each other.
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Figure 37. Effect of Mobile Channels on the Magnitude Plot of a Received OFDM
Packet with 12,000 symbols, (a) Mobile Indoor Channel 1, (b) Mobile In-
door Channel 2, (¢) Mobile Outdoor Channel 3, (d) Mobile Outdoor Chan-

nel 4

Figure 38 shows the BER versus E, /N, plot of each mobile channel.

From the BER plots, it can be said that the indoor channels require more signal energy

than outdoor channels to reach a certain BER for small £, /N, values. In other words, we
can conclude that OFDM performs better under outdoor channels when E, /N, is smaller
than roughly 9.75 dB. When E, /N, is greater than 9.75 dB, Mobile (outdoor) Channel 4

requires the most energy to reach the same BER and does not perform well.
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Figure 38. BER versus E, /N, Plots for QPSK Simulation for Different Channels
(From Ref. 13.)

C. PERFORMANCE OF TIMING METHODS

In this section, we present the simulation results of six different timing algorithms
under different channel environments. Table 15 presents the parameters for the simula-
tions of each method. The noise variance values were used to generate the AWGN. The
values for E, /N, in the figures presented in this section are in dB. For each timing
method, the timing metric plots, the timing metric peak degradation plots, and the fine
timing distributions are presented. The fine timing distribution plots are the histograms of

fine timing offset that show the estimated starting point of the OFDM symbol versus

number of occurrences.
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Channel Noise variance E, / N, (dB) Seed

Mobile 0.03727, 0.02795, 0.015717, 0.00497 7.5, 10, 15, 25 33
(indoor) 1

Mobile 0.03727, 0.02795, 0.015717, 0.00497 7.5, 10, 15, 25 33
(indoor) 2

Mobile 0.03727, 0.02795, 0.015717, 0.00497 7.5, 10, 15, 25 33
(outdoor) 3

Mobile 0.03727, 0.02795, 0.015717, 0.00497 7.5, 10, 15, 25 33
(outdoor) 4

Table 15.  Simulation Parameters for Channel Effects with Different AWGN
Values

1. Schmidl and Cox Method

The plots in Figure 39 present how this method behaves under different channel

schemes for different values of E, /N, as listed in Table 15. As explained in Chapter III,

in this method, we expect to get a plateau running along the CP. The CP starts at sample

80 and runs until sample 96 in the simulations here.

For Mobile Channel 1 and Mobile Channel 2, we observe in Figure 39 that the
plateau tends to take a Gaussian-like shape. However, the top portion of the timing metric
seems to have identical values. This is a drawback that might lead to having timing esti-

mates outside the CP. In order to prevent ISI, we must find the optimum timing within

the CP.

Figures 39(d) and 39(e) show the timing metric for the outdoor channels. Mobile
Channel 3 and Mobile Channel 4 do not affect the algorithm adversely; that is, they cause
the peak to occur at a point close to the beginning of the CP. When we have our peak
close to the beginning of the CP, it is more likely to find the starting point of the symbol
within the CP by either technique defined in [8]. We also observe that as E, /N, in-

creases, the plateau shape appears distinctively.
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Figure 40 shows the peak magnitude versus E, /N, under different channels. It
can be seen from the figure that the peak magnitude does not assume values smaller than
0.8 forE, /N, >10 dB. Overall, this method gives highly reliable results for coarse tim-

ing, and a threshold could be easily chosen based on the probability of false alarm and the

probability of detection [1].
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Figure 40. Peak Magnitude Degradation of the Schmidl and Cox Method

Figure 41 shows the fine timing distribution of the Schmidl and Cox method. The
starting point for the FFT operation, i.e., the starting point for an OFDM symbol, is sam-
ple number 96 in this simulation. The distribution plots support the point that this method
is not useful and reliable for fine timing synchronization in general. First, the variance of
the fine timing offset is too large to be handled by any OFDM system; that is, we must
find the correct timing in an interval of length CP minus the length of the channel im-
pulse response. Second, the timing estimates do not fall in the CP for indoor multi-path
channels, which cause ISI and ICI. Clearly, the fine timing distributions for the indoor
channels in Figures 41(a) and 41(b) have estimates inside the symbol itself. On the con-
trary, the fine timing distributions for the outdoor channels in Figures 41(c) and 41(d),

spanning only two samples, are narrow enough to be reliable.
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Figure 41. Fine Timing Distribution of Schmidl and Cox Method for: (a) Mobile

Channel 1, (b) Mobile Channel 2, (c) Mobile Channel 3, and (d) Mobile
Channel 4 with E, /N, =10 dB and 300 Runs
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2. Minn and Bhargava Method
This method was originally presented as an alternative to Schmidl and Cox
method. Its performance is better than that of Schmidl and Cox method in terms of the

plateau and the ambiguity in finding the correct timing.

Figure 42 shows the timing metric for different channels. The middle peak, oc-
curring at the sample 96, is the peak of interest. However, there are extra peaks with
nearly the same magnitude as the middle peak. Figure 43 shows the metric as presented
in [4], which is optimistic compared to the results obtained in this thesis. Nevertheless,
this may not cause a significant performance loss if we associate the peaks with the en-
ergy of the symbol at that point. Another observation is that, in the presence of noise and
channel effects, the first peak may even obtain values higher than that of the middle peak
as shown in Figure 42. In our simulations, we assumed that the peaks on both sides do

not interfere with the central peak.
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Figure 44 shows the peak magnitude degradation for different channels. As can be

seen, the peak magnitude degradation is quite low as E, /N, decreases. The degradation

is lower than one-tenth of peak magnitude at £, /N, =7.5 dB.
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Figure 44. Peak Magnitude Degradation of the Minn and Bhargava Method

Figure 45 presents the fine timing distributions. As can be seen from the histo-
grams in this figure, this method has significantly smaller timing variances than the
method of [8]. It also eliminates the plateau in Schmidl and Cox method. The starting

point of the OFDM symbol is 96 in the simulations. The fine timing distribution spans at
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most three samples in the worst case, which is acceptable for OFDM systems. The fine
timing distributions for the indoor channels in Figures 45(a) and 45(b) have estimates in-
side the symbol, which causes ISI and ICI. The estimates inside the symbol can be cor-
rected by taking the estimator a few points backwards. In IEEE 802.11a systems, it is a
rule of thumb to take 4 to 6 points back [1]. Therefore, in this method, we can readily
eliminate ISI and ICI. For the outdoor channels, the performance of the method is quite
satisfactory, and the timing distribution spans only two samples at most. Nevertheless,
these results reflect our previous assumption that the extra peaks do not interfere with the

timing metric.
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Figure 45. Fine Timing Distribution for Minn and Bhargava Method for: (a) Mobile

Channel 1, (b) Mobile Channel 2, (c) Mobile Channel 3, and (d) Mobile
Channel 4 with E, /N, =10 dB and 300 Runs
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3. Park et al. Method

This method was also proposed to avoid the ambiguity in the method in [8]. Our
study has shown that this method is superior i