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ABSTRACT 

In this thesis, we develop simulink-based software models to implement and test the 

time-domain synchronous OFDM (TDS-OFDM) transmitter and receiver systems. This 

technique has been introduced in terrestrial digital broadcasting in the P.R.C., and it 

seems to be particularly suitable to highly mobile environments. The transmission 

channel is modeled as a time-varying Rayleigh multipath channel.  Two standard 

transmission channels models are considered:  the COST 207 model with 6-path typical 

urban (TU6) characteristics and the China test8 (CT8) model restricted to the 4-path 

characteristics only. Overall system performances are evaluated in terms of bit error ratio 

(BER) for different signal-to-noise ratio (SNR) levels in these two channel environments 

for mobile systems with various resulting Doppler shift levels. Results show the 

capabilities and limitations of this technology in estimating the time-varying transmission 

channel and reconstructing the transmitted data. Performances are also compared to those 

obtained by standard OFDM techniques, such as the one adopted by the digital video 

broadcasting terrestrial (DVB-T) standard. 
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EXECUTIVE SUMMARY 

Wireless communication systems are more complex than the wired communication 

versions because of the inherent multipath propagation issues present within. In addition, 

the Doppler frequency shift due to the relative motion between transmitter and/or receiver 

makes it more challenging and degrades the system performance.  

To fulfill the increasing demand for high throughput and data rate implementation 

for the communication system while mitigating the system degradation due to the fading 

factors in the wireless environment, orthogonal frequency-division multiplexing (OFDM) 

(a special case of multicarrier modulation technique that is known for combating the 

multipath and inter-symbol interference [ISI] by utilizing several orthogonal subcarriers) 

has been recently adopted as a standard in numerous wireless applications. 

The purpose of this thesis is to evaluate the performance of the OFDM technique 

used in terrestrial broadcasting. In particular, our interest is in the newly proposed OFDM 

approach, time-domain synchronous OFDM (TDS-OFDM), currently adopted as the TV 

standard of the People’s Republic of China and called DTMB.  

First, a proposed wireless communication system for TDS-OFDM in Simulink is 

designed according to the specifications of the TV standard, DTMB. To account for the 

natural characteristics of the wireless communications environment, channels with 

multipath fading and Doppler shift need to be considered. Two standard channel models, 

the 6-path typical urban (TU6) channel in COST 207 and the modified 4-path China Test 

8 (CT8), were employed in our model to simulate the multipath channel with Rayleigh 

fading characteristics.  

In the proposed Simulink model, the multicarrier modulation version of OFDM is 

utilized for the modulation and demodulation processes. To recover the transmitted signal 

for bit error ratio (BER) evaluation in the presence of a time-varying scenario, channel 

estimation and tracking is conducted in the frequency domain by a fast Fourier transform 

(FFT) operation. The estimated channel impulse response is then fed into equalization to 

recover the transmitted signal.   



 xvi 

To validate the effectiveness of the proposed system, the performance of the 

TDS-OFDM system is first tested for a frequency-selective, slow-fading channel. In 

addition, the Simulink model for DVB-T, the corresponding counterpart of DTMB that 

employs the conventional cyclic prefix-OFDM (CP-OFDM), is also presented and the 

comparison between DTMB and DVB-T are conducted. 

The system performance in this thesis is evaluated on the basis of BER for 

different signal-to-noise ratio (SNR) levels. The experimental results of TDS-OFDM 

obtained over both TU6 and modified CT8 channels are similar. Simulation results show 

the proposed TDS-OFDM system has low BER for high SNR or low Doppler shift in 

both TU6 and modified CT8 channel environments. Performance over non-multipath and 

time-invariant channel environments is also evaluated as a reference for performance 

degradation comparison. As expected, in terms of BER, TDS-OFDM shows an 

improvement with respect to the standard CP-OFDM in cases of high mobility and high 

SNR level.     

The results obtained for DTMB and DVB-T show that DTMB outperforms DVB-

T for high SNR, generally above 20 dB depending on the specific channel environment, 

for all corresponding Doppler shift cases considered for both channel models. These 

results also confirm that TDS-OFDM is faster than the classic CP-OFDM in adapting to 

changes in the physical time-varying channel, as reflected by lower BER for DTMB in 

highly mobile environments. Without the addition of forward error correction coding and 

interleaving in the proposed system, the BER improvement is limited, especially in the 

fast time-varying environment. Note that the results obtained in this research are not 

limited to terrestrial broadcasting but are applicable to any general mobile wireless 

communication system.  
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I. INTRODUCTION 

High data rate communication systems are an integral part of life today, especially 

in defense applications. The necessity of transferring a high volume of data in real time is 

critical to the success of missions involving mobile units. 

One of the most successful digital modulation techniques is orthogonal frequency-

division multiplexing (OFDM), which is capable of transferring large blocks of data at a 

time even in the presence of poorly known wireless channels. By contrast, standard 

single-carrier modulation requires complex and unreliable channel equalization, which is 

not the case for OFDM. 

The area of digital broadcasting has fueled quite a bit of research in high data rate 

communications, especially due to the commercialization of high-definition television for 

mobile devices. It turns out that in most of the world OFDM is at the basis of standards 

for digital TV and audio broadcasting. 

A. OFDM FOR WIRELESS COMMUNICATIONS AND DIGITAL 

BROADCASTING 

Digital terrestrial television broadcasting (DTTB) currently attracts a significant 

amount of attention in television services, as it provides for faster and more reliable 

transmission than conventional analog television services do. In addition, reliable 

wireless communication techniques must be applied to handle increasing demands for 

high data rate and the capacity needed for terrestrial television communication schemes. 

Moreover, the wireless transmission medium for terrestrial television communication is 

challenging due to multipath propagation and mobility issues that must be taken into 

account. To overcome the inherent channel impairments in wireless environments, a 

number of terrestrial communication systems and standards have been developed, and 

some approaches have been proposed in several studies. OFDM is one of the most 

popular digital modulation techniques and has been adopted as the standard for numerous 

wireless applications, such as digital video and audio broadcast (DVB and DAB, 
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respectively), asymmetric digital subscriber line (ADSL), and wireless LAN standards, 

including 802.11a and 802.11g. 

The conventional implementation of OFDM is based on what is called cyclic 

prefix-OFDM (CP-OFDM), which is common in all of the aforementioned 

communication applications. With this approach, the time-varying wireless channel is 

tracked by properly placed “pilot” subcarriers, whose content is known at the receiver.   

Since an accurate OFDM demodulation process relies on a good estimate of the 

wireless channel, mobile applications in high-speed vehicles call for fast channel 

acquisition and tracking. Improvements at the demodulation stage were recently obtained 

with an OFDM variant, which is based on a newly proposed time-division 

synchronization OFDM (TDS-OFDM) scheme. At the present time this approach is 

mainly implemented in digital terrestrial multimedia broadcasting (DTMB) systems as 

the standard for digital television service in the People’s Republic of China (P.R.C.) and 

is not yet officially adopted for other communication applications. The goal of this study 

is to investigate whether TDS-OFDM may be considered as a viable option for mobile 

wireless communication since results obtained in this research are not limited to digital 

broadcasting applications only.  

Some OFDM schemes use pilots located in the data frame to track changes in the 

channel characteristics, as reported in [1], [2], [3], and [4]. These pilot-based methods, 

however, have a lower spectral efficiency than those based on using the pseudo noise 

(PN) sequence located in the frame prefix. Typically, these latter techniques are classified 

into one of two categories: those based on time-domain or frequency-domain channel 

estimation schemes. In most literature, the time-domain channel estimation approach is 

based on using the correlation between the received signal and the PN sequence as in [5], 

[6], [7], [8], and [9].  

The objective of this thesis is to evaluate and analyze the performance of the 

TDS-OFDM-based DTTB standard, DTMB, in a time-varying multipath communication 

channel by utilizing a frequency-domain-based channel estimation and equalization 

approach. OFDM system performance is evaluated in terms of bit error ratio (BER) for 
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different SNR levels. Physical phenomena encountered when dealing with wireless 

applications such as multipath fading and Doppler shift issues are taken into 

consideration in the simulations. Two channel models, COST 207 Typical Urban (TU6) 

and modified China Test 8 (CT8), with different terrain and power delay profiles are 

considered in the study to model the multipath channel. Simulations are conducted using 

Simulink. 

B. THESIS ORKGANIZATION 

The thesis is organized as follows. Chapter II starts with a discussion of the 

general wireless communication environment and the different types of fading that may 

occur in the wireless scenario are described. Next, basic concepts used in OFDM 

techniques are introduced, and two types of OFDM-based DTTB standards—DTMB and 

DVB-T—are presented in Chapter III. The two channel models considered in the study 

and specifics regarding transmitter and receiver systems used in TDS-OFDM are 

described in Chapter IV. Simulation results are presented in Chapter V. Finally, 

conclusions and recommendations for future work are presented in Chapter VI.  
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II. BACKGROUND 

It is well known that wireless communication channels are more unpredictable 

than their wired counterparts due to fading factors present in the wireless communication 

environment. The undesired fading loss in terrestrial applications is usually caused by 

multipath propagation and Doppler frequency shift. These two factors also further affect 

the system performance in terrestrial communication [10]. 

The issues introduced by the presence of multipath and Doppler shift in wireless 

communication systems are first discussed in this chapter. Then, existing digital 

terrestrial television standards are introduced. Finally, the modulation techniques 

employed in this thesis are described briefly.  

A. MOBILE-RADIO PROPAGATION CHARACTERIZATION 

Thermal noise generated in a receiver is usually the primary noise responsible for 

system degradation in digital communication systems. The ideal thermal noise model 

used in the analysis of communication systems is additive white Gaussian noise 

(AWGN), which is known for its flat power spectral density in the frequency domain. In 

practical wireless mobile applications, however, a signal that propagates from transmitter 

to receiver does so through different paths due to reflection, diffraction, and scattering in 

the environment. In addition, the relative mobility of a transmitter and/or receiver creates 

a Doppler shift effect in the received signal; therefore, noise and fading factors cause 

signal fluctuations that make terrestrial communication channels selective in time and 

frequency [10]. 

1. Fading Factors in Wireless Communication Channels 

a. Multipath 

Multipath delay results from a transmitted signal reflected by objects such as hills, 

buildings, and cars in the propagation path. A reflected signal may go through different 

paths to reach a receiver, and the signal’s power also suffers from different degrees of 
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attenuation depending on constructive or destructive superposition of the delayed copies 

of the signal [11]. The illustration of multipath propagation is shown in Figure 1. 

Time dispersion due to multipath propagation causes further inter-symbol 

interference (ISI) [10], where the energy of a transmitted signal symbol extends into the 

next one, introducing distortion in the received signal. Additionally, the channel 

frequency response (CFR) magnitude is not reliably constant within the signal bandwidth 

sB  when the channel time spread from multipath propagation is longer than the symbol 

duration. In addition, mobility also causes frequency-selective fading, which is defined to 

be when the coherence bandwidth of the channel cB  is smaller than that of the transmitted 

signal sB  [11]. The concept of frequency-selective fading is discussed in detail later.  

 

 

Figure 1.  Illustration of multipath propagation effects where the received 

signal is the combination of several copies of transmitted signal with 

different delays and attenuations (after [13]). 
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b. Doppler Effect 

In mobile communication environments, the relative motion between transmitter 

and receiver also causes a Doppler frequency shift in the received signal [12]. Doppler 

shift is also sometimes called frequency dispersion because the transmitted signal is 

shifted and spread in the frequency domain. An illustration of Doppler spread is shown in 

Figure 2, and the general Doppler shift can be expressed as  

 cosD c

v
f f

c
 ,   (2.1) 

where cf  is the carrier frequency in Hz, v  is the relative velocity between transmitter and 

receiver in m/s,   is the angle between the direction of the transmitter and the wave 

motion, and c  is the speed of light in terrestrial communication (
83 10  m/s). The 

maximum Doppler shift is then given as 

 maxD c

v
f f

c
  . (2.2) 

  

  

Figure 2.  Details of Doppler spread (from [5]). 
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2. Types of Fading 

a. Coherence Time and Coherence Bandwidth 

Fading occurs when the strength of a received signal varies with time. Due to the 

combination of multipath propagation and the relative motion between transmitter and 

receiver, fading causes time-varying attenuation as well as delays that may significantly 

degrade communication system performance. Multipath propagation in combination with 

the Doppler effect causes frequency- and time-selective fading. [12] 

The specific type of fading channel usually depends on the physical channel 

characteristics, namely channel coherence time cT  and channel coherence bandwidth cB . 

The channel coherence time cT  depends on the Doppler shift, while the channel 

coherence bandwidth cB  is affected by the amount of time delay due to the multipath 

present in the channel. 

To evaluate the impacts multipath propagation and Doppler shift have on the 

performance of communication systems, the fading mechanism that may be present in 

wireless channels must first be understood. Selectivity and dispersion are time-frequency 

dual mechanisms of the fading channel where the dispersion in time due to the multipath 

propagation causes selectivity in frequency, while the dispersion in frequency due to the 

Doppler shift causes selectivity in time. 

Frequency selectivity is defined by the coherence bandwidth, which represents the 

approximate bandwidth where the magnitude of the CFR is assumed to be nearly 

constant. The coherence bandwidth can be described as 

 
max

1

5
cB


 ,  (2.3) 

where max  is defined as the maximum channel time spread [10]. The coherence time cT  

refers to the approximate time duration during which the CFR magnitude is assumed to 

be nearly constant. The coherence time can be described as  

 
max

according to the 50% correla
9

 (
1

tion rule)
6

c

D

T
f

 ,  (2.4) 
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where maxDf  represents the maximum Doppler shift value [10]. 

b. Fading Channel Classification: 

Coherence bandwidth cB  and coherence time cT  are parameters used to describe 

the behavior of the transmission channel in both the time and frequency domains. Four 

different types of fading can be defined depending on specific values for coherence 

bandwidth and time, signal bandwidth sB   and signal duration sT , as illustrated in  

Figure 3.  

(1) Fading due to multipath: A transmission channel is classified as a 

frequency-non-selective channel or a flat-fading channel when the CFR 

can be assumed to be constant within the bandwidth cB  when s cB B  

max( )sT  . 

(2) Fading due to multipath: A transmission channel is referred to as a 

frequency-selective channel when s cB B  where the CFR magnitude has 

variations within sB .  

(3) Fading due to Doppler shift: If c sT T  (low maxDf  ), a transmission channel 

is classified as a slow-fading channel where the CFR can be assumed to be 

constant for times as long as cT .  

(4) Fading due to Doppler shift: When c sT T , the channel is referred to as 

fast fading where the CFR does not remain constant for times as long as 

sT . 
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Figure 3.  Various types of fading based on cB  and cT  (from [15]). 

The four types of fading (flat fading, frequency-selective fading, slow fading, and 

fast fading) yield four possible types of physical channels associated with specific 

factors, as shown in Figure 4. 

In terrestrial mobile communication, the flat-fading channel and slow-fading 

channel are desired channel models when fading issues are under consideration. The 

channel, however, is often both frequency-selective and fast fading due to higher channel 

time spread and the relative motion between transmitter and receiver in mobile wireless 

applications; therefore, it is best if those factors can be taken into account in system 

design and performance evaluation phases. 
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Figure 4.  Radio-channel classification (from [12]). 

3. Statistical Model of Multipath Fading Channel 

Fading is a random phenomenon described by a statistical model according to the 

specific type of environment. When a dominant signal component, often called a line-of-

sight (LOS) component, exists, the envelope of the channel response is often modeled as 

having a Rician probability density function (pdf), which is given by  

 
2 2

02 2 2

( )
( ) exp I ,  0,  0

2
R

r r K Kr
f r r K

  

   
      

  
,  (2.5) 

where r  is the absolute value of the amplitude, 
2  is the signal power, 0 (.)I is the 

modified Bessel function of order zero, and factor K  is defined as ,LOS NLOSK P P  

where LOSP  is the LOS signal power; and NLOSP  is the NLOS signal power [15]. The 

Rician pdf with different values of the factor K  is shown in Figure 5. Note that if 

K  , the channel is said to have additive white Gaussian noise (AWGN). When no 

LOS exists, which typically occurs in outdoor environments, 0K  , and the channel 

response envelope is modeled with a Rayleigh pdf, which is a special case of the Rician 

pdf.   

http://en.wikipedia.org/wiki/Envelope_detector#Definition_of_the_envelope
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Figure 5.  A family of Rician probability density functions, parameterized by 

the variable K  (from [15]).   

Rayleigh fading is used to simulate the fluctuations in the amplitude of the 

received signals due to multipath fading channel when there is no LOS signal component 

present. It is often classified as the worst type of fading. The Rayleigh pdf is given as  

 
2

2 2
( ) exp ,  0

2
R

r r
f r r

 

 
   

 
.  (2.6) 

Several examples of the Rayleigh probability density function obtained with different 

standard deviation values are shown in Figure 6.  
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Figure 6.  Rayleigh probability density function with different standard 

deviation values (from [8]). 

B. DIGITAL TERRESTRIAL TELEVISION 

Due to the increasing demand for bandwidth-efficient and high-throughput 

multimedia services in television broadcasting applications, the evolution from analog to 

digital is an important trend in new terrestrial communication standards. Digital 

television (DTV) services can be delivered via terrestrial, satellite, cable and so on. 

Among those, digital terrestrial television broadcasting (DTTB) is the most attractive 

scheme among DTV services. 

DTV and conventional analog terrestrial television signals propagate in the same 

fashion. The main feature of DTV is multiplexing transmission, which allows for the use 

of multiple sub-channels in single-frequency networks (SFN). Compared to analog 

terrestrial transmission, DTV also provides less interference, better video quality, better 

spectral efficiency, and more services such as mobile reception or high-definition 

television (HDTV). Overall, DTV outperforms analog terrestrial television and has 

become the dominant terrestrial communication technique nowadays [17]. 
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1. Existing TV Standards 

Four major DTTB standards for TV signals transmitted in the VHF and UHF 

frequency bands exist nowadays; their geographical usages are shown in Figure 7. 

 

Figure 7.  Geographical usages of TV broadcasting standards (from [18]). 

Advanced Television System Committee (ATSC) is used mainly in North 

America. This standard is an evolution from conventional analog National Television 

Standards Committee (NTSC), with eight-level amplitude-shift keying (8-ASK) 

modulation; ATSC is more resistant to interference distortions than digital video 

broadcasting-terrestrial (DVB-T) but is less resistant to multipath distortion.  

Digital Video Broadcasting-Terrestrial (DVB-T) is used mainly in Europe and 

also has been adopted in Russia, Australia, India, North African countries, the Middle 

East, Taiwan, and many other countries. This standard is based on standard OFDM with 

either 16- or 64-quadrature amplitude modulation (QAM). In theory, a channel with 

higher-level modulation is capable of transmitting with a higher bit-rate but needs more 

power to obtain the specific BER performance and is more susceptible to interference 

distortions. 
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Integrated Services Digital Broadcasting-Terrestrial (ISDB-T) is used mainly 

in Japan. This standard is based on standard OFDM and is similar to DVB-T.   

Digital Terrestrial Multimedia Broadcasting (DTMB) is used mainly in China. 

This standard is based on time-domain synchronous OFDM (TDS-OFDM), where the 

level of the M-QAM modulation can either be 4, 16, 32, or 64. DTMB proponents claim 

this standard has faster and more accurate channel tracking than the DVB-T standard 

does due to its use of TDS-OFDM.  

Please refer to [19], [20], and [21] for further details on these international 

standards. All standards except ATSC use OFDM modulation technology with different 

OFDM symbol structures—which is discussed later in detail—while ATSC uses ASK 

modulation. 

C. MODULATION SCHEME-QAM 

In digital communications, the amount of data transmitted depends on the channel 

capacity and the channel modulation scheme. Communication systems are often required 

to achieve both high spectral efficiency and throughput.  

The modulation scheme used in OFDM-based DTTB standards is OFDM with M-

level quadrature amplitude modulation (M-QAM). 

QAM is a digital modulation scheme that conveys data by modulating the 

amplitudes of two out-of-phase carrier waves (usually sinusoid waves). Compared to M-

ary phase-shift keying (MPSK) with constant amplitude, the signal symbols in QAM 

have different amplitudes and phases. In other words, QAM can be seen as quadrature 

amplitude-shift keying (ASK). Since digital communication data are binary, M-QAM 

utilizes 2kM  where k  is an integer to represent M distinct symbols with finite energy 

and non-constant amplitude. The transmitted signal generated for M-QAM is given as  

      min
2 2

cos 2 sin 2 ,  0 ,  1,2, , ,min
i i c i c s

s s

E E
s t a f t b f t t T i M

T T
          (2.7) 

where  𝐸𝑚𝑖𝑛  is the minimum energy of the signal, and ,i ia b  are pairs of independent 

integers selected according to the location of the particular signal point. The M M  

http://en.wikipedia.org/wiki/Quadrature_Amplitude_Modulation
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array of pairs ( ,i ia b ) observed for an M-QAM constellation, where 16M  , can be 

defined as 

 

( 3,3)   ( 1,3)     (1,3)   (3,3)

( 3,1)     ( 1,1)    (1,1)    (3,1)
{a ,b }

( 3, 1) ( 1, 1) (1, 1) (3, 1)

( 3, 3) ( 1, 3) (1, 3) (3, 3)

i i

  
 
 

 
      
 
      

.  (2.8) 

   

The M-QAM signal set defined over 0 ,  for 1,2, ,st T i M     in (2.7) can be rewritten 

as  

      i min i I min i Qs t E a t E b t     (2.9) 

by defining the two orthogonal functions I  and Q  as  

 

   

   

2
cos 2 ;

2
sin 2 ;

I c

s

Q c

s

t f t
T

t f t
T

 

 





 .[15] (2.10) 

Note that more bits can be transmitted within a symbol with higher-order 

constellation configurations. The resulting symbols, however, are closer and more 

susceptible to noise as the constellation configuration order increases, resulting in higher 

BERs. Therefore, higher SNR levels are required when using higher-order QAM schemes 

to ensure a given BER. In DTMB, constellation levels ( M ) are often selected as 4, 16, 

32, and 64. For the simulations conducted in this thesis, we selected 16M   for QAM. 

The resulting rectangular constellation diagram obtained for the 16-QAM configuration is 

shown in Figure 8. 
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Figure 8.  Signal constellation of 16-QAM (from [22]). 

Digital modulation is at the basis of multi-carrier modulation and OFDM is 

described in the next chapter. 
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III. OFDM TECHNIQUE FUNDAMENTALS 

The general concept of OFDM is introduced in this chapter. First, the guard 

interval (GI) of OFDM is introduced, followed by a description of the number of OFDM 

classes that can be defined according to the specified GI. Finally, two types of OFDM-

based digital terrestrial television broadcasting transmission standards, DTMB and DVB-

T, are discussed.  

A. ORTHOGONAL FREQUENCY-DIVISION MULTIPLEXING (OFDM) 

Orthogonal frequency-division multiplexing is a particular case of multi-carrier 

modulation (MCM). The idea behind MCM is that instead of transmitting data symbols at 

high rate ( R ) using only one carrier, blocks of N data symbols are transmitted in parallel 

using N  subcarriers, each one at a lower rate ( R N ). As a result, the symbol length of 

each subcarrier ( sb sT NT ) can be increased to be much larger than the channel delay 

spread (  ), thus combatting ISI. Furthermore, by imposing certain orthogonality 

conditions and choosing a sufficiently large number of subcarriers, a particular class of 

MCM can be defined (referred to as OFDM) where every subcarrier sees a flat-fading 

channel, even in the presence of an overall frequency-selective channel.  

In OFDM, orthogonality of the sub-carriers prevents the data streams from 

interfering with each other. Orthogonality is guaranteed by choosing the frequency 

spacing of the subcarriers to be equal to the reciprocal of the symbol duration so that the 

spectra of the subcarriers can still overlap without causing interference. This yields N  

subcarrier frequencies  

 ,  0,.., 1k kf f Nk   ,  (3.1) 

where 1sf f N NT    is the frequency spacing and 1s sf T  is the data symbol rate. 

Based on these definitions, any two distinct subcarriers are orthogonal in the sense that 

[24] 

 
0 0
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0   if 
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  . (3.2) 
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Typical subcarrier waveforms in the time and frequency domains are depicted in Figure 

9. Note that the subcarriers present in an OFDM system are harmonically related in the 

time domain. In addition, orthogonality can also be observed in the frequency domain, 

where the peak of one subcarrier is located at the sidelobe nulls of all other subcarriers 

and the sidelobes are caused by the Fourier transform (FT) of the rectangular data 

window.   

 

Figure 9.  Time-domain and frequency-domain waveform of OFDM (from 

[25]). 

The general idea behind OFDM is to split the total available bandwidth B  into 

N  narrowband subcarriers with the same frequency spacing f B N   so that the single 

high-rate data stream is then divided into many lower-rate data streams in the sub-

channels. Each subcarrier is modulated individually at different subcarrier frequency 

kf k f   and transmitted simultaneously in a superimposed and parallel form.  

This process is illustrated in Figure 10 where sR  is the symbol rate of the input 

data stream, sbR  represents the data rate of each subcarrier,  N  is the number of 

subcarriers, and kf  is the k th
 subcarrier frequency with k  in the range 0,..., 1N  . The 

serial-to-parallel (S/P) block takes a serial stream of data symbols at rate sR  symbols/sec 
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and rearranges it into N  parallel sub-streams of data, each one at a rate equal to sR N  

symbols per second. The implementation of S/P is illustrated in Figure 11.  

 

Figure 10.  OFDM modulation block diagram (after [26]).  

 

Figure 11.  Serial-to-parallel implementation block diagram (from [26]). 
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With the given choice of subcarrier frequencies discussed previously, it can easily 

be shown that the OFDM modulation diagram in Figure 10 can be efficiently 

implemented blockwise using an inverse FFT (IFFT) operation. In fact, referring to 

Figure 12, let  x n  be the transmitted symbol sequence, and let  kX m  be defined as the 

data in the m th
 data block as    kX m x mN k   with 0, , 1k N   ; then, the OFDM 

modulated sequence is given by 

 
21

0

for 0,1, ,[ ] [ ] { [ ]},   1
N j nk

N
k k

k

s mN n X m e IFFT X m k N




    .  (3.3) 

   

A guard interval is inserted between two successive OFDM symbols to prevent 

interference due to potential channel-time spreading effects. Further details regarding the 

concept of the guard interval are provided in the following subsection. Next, the resulting 

time-domain data that includes the GI are converted back to serial form before 

transmission. At the receiver, the inverse operation is applied to recover the data.  

 

Figure 12.  General structure of an OFDM system. 



 23 

1. Guard Interval (GI) 

As discussed in the previous chapter, multipath in wireless communication causes 

the channel response to spread in time, thus creating ISI. The concept of the guard 

interval was initially introduced to mitigate ISI. At the receiver, different reflections of 

the transmitted signal arrive with different time delays due to various obstacles between 

the propagation paths, and delayed symbol copies may interfere with the next symbol, 

causing ISI. By properly selecting the duration of the guard interval ( GIT ) longer than the 

maximum channel time spread ( max ), ISI can be eliminated when a GI is inserted 

between two adjacent data blocks. The concept of the GI is shown in Figure 13(a), while 

the influences of channel delay spread due to multipath propagation are illustrated in 

Figure 13(b) and Figure 13(c). As can be seen, ISI only happens when the maximum 

channel time spread is larger than the guard interval. 

 
(a) General OFDM symbol structure. 

 

 
(b) No ISI ( GIT  ). 
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(c) ISI (

GIT  ) 

Figure 13.  Guard interval elimination of ISI. 

2. Types of OFDM 

Based on the information transmitted in the GI, several kinds of OFDM systems 

can be defined. In most OFDM implementations there are three main choices: CP-OFDM 

with cyclic prefix (CP), TDS-OFDM (time domain synchronous) with pseudorandom 

noise (PN) prefix and ZP-OFDM with zero prefix (ZP). Most wireless communications 

and wireless broadcasting implementations use CP-OFDM, which can be considered as 

the “classic” version of OFDM with the lowest complexity. In recent years TDS-OFDM 

has been introduced, especially for TV broadcasting in the P.R.C. [27]. 

a. CP-OFDM 

In traditional OFDM, a cyclic prefix (CP) is inserted as the guard interval between 

nearby OFDM symbols. To cope with time dispersion due to the multipath, the length of 

the CP must be longer than the time spread of the channel. Since the CP constitutes 

overhead, its length L , in number of samples, must be much smaller than the length N of 

the data block. This OFDM technique is referred to as CP-OFDM and has been adopted 

in most OFDM applications, including the various standards IEEE802.11, 802.16 and 

also in the European terrestrial television broadcasting standard, DVB-T. An example of 

CP in OFDM modulation is shown in Figure 14. 
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Figure 14.  Example of cyclic prefix (CP) in OFDM modulation (from [28]). 

The example in Figure 14 shows an application in the European digital 

broadcasting standard, where the CP-OFDM frame has 2,048 data symbols, and the GI 

has 256 symbols, as illustrated in Figure 14. As can be seen, 1/8 of the OFDM frame is 

repeated at the beginning of each frame as a guard interval to avoid interference between 

frames due to potential multipath problems in the wireless environment and also to 

facilitate the FFT operation in the demodulation process [28]. 

This fractional repetition of the OFDM frame in the GI is called the cyclic prefix, 

which is the most common “classic” OFDM implementation feature in wireless 

communication standards, such as WiFi, WiMax, or LTE.  

The main advantage of the CP-OFDM scheme is a simple demodulation process 

implemented using a one-tap frequency domain equalizer at the receiver. The use of 

longer CP sequences to combat the multipath delay, however, causes a loss of channel 

utilization. Moreover, if there is a need to provide continuous synchronization and 

channel estimation, as in the case of digital broadcasting DVB-T, some of the subcarriers 

have to be reserved as pilots inserted as training symbols for synchronization and channel 

estimation, which leads to significant reductions in the channel throughput.   

b. TDS-OFDM 

In time-division synchronization OFDM (TDS-OFDM), the transmitted symbols 

are still processed blockwise by the IFFT in the same way as that used in the 

conventional CP-OFDM scheme. In the guard interval section, however, a PN sequence 

is transmitted, which serves as training symbols for channel estimation. Since this PN 
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sequence is known at the receiver and transmitted periodically, it provides very fast 

channel estimation and tracking, thus making it attractive in mobile applications. 

Consequently, in TDS-OFDM there is no need to insert additional training symbols for 

synchronization and channel estimation, which leads to higher spectral efficiency and 

system throughput than what may be observed with CP-OFDM. As mentioned before, the 

main application of this technique is in digital broadcasting for the recently proposed 

DTTB standard for the People’s Republic of China, developed by Tsinghua University 

[29].  

The TDS-OFDM scheme replaces the CP with a PN sequence as guard interval so 

that the circularity property of the whole CP-OFDM signal frame no longer holds, 

making the demodulation process in TDS-OFDM systems more complex than in CP-

OFDM based systems. Instead, other operations must be employed to preserve the 

periodic property in order to have simple implementation of demodulation and 

equalization at the receiver as the CP-OFDM does. The detailed structure and 

implementation of the TDS-OFDM is provided in Chapter IV.  

B. OFDM-BASED DIGITAL TV TERRESTRIAL BROADCASTING 

TRANSMISSION STANDARDS 

Among the four existing DTTB standards, only ATSC adopted in North America 

is not an OFDM-based technique. The European standard, DVB-T, and ISDB-T employ 

CP-OFDM, while the P.R.C.’s DTMB utilizes TDS-OFDM. Only the two OFDM-based 

television standards, DVB-T and DTMB, are discussed in this work, as the goal is to 

evaluate and compare OFDM-based performance.   

1. DVB-T 

Digital video broadcasting-terrestrial (DVB-T) is the most widely used European-

based standard for DTV transmission; it was first introduced in 1997 [30]. This OFDM-

based modulation scheme enables a more efficient use of the available radio frequency 

spectrum than previous analog transmission schemes. It uses an 8 MHz channel with a 

choice of coding and modulation parameters set to adapt to various multipath and SNR 

conditions. General DVB-T structure and modulation parameters are shown in Figure 15. 
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This system transmits digitized video, audio signal, and other types of data in a 

compressed format, typically of type MPEG4, using coded orthogonal frequency division 

multiplexing (COFDM or OFDM) modulation.  

 

Figure 15.  Modulation/demodulation structure of the DVB-T standard and 

associated modulation parameter choices (from [17]). 

a. DVB-T Transmission Parameters 

Instead of using a single carrier to carry data streams on one channel, DVB-T 

utilizes the OFDM multicarrier transmission modulation scheme. Depending on 

transmission requirements, the number of subcarriers in DTB-T varies between 2,048 (2k 

mode) and 8,192 (8k mode); these subcarriers are used to carry both data and 

synchronization symbols. Three different M-QAM modulation options (QPSK, 16-QAM, 

and 64-QAM) can be selected according to different multipath and SNR conditions. Note 

that the description shown here represents only a portion of the possible choices, and it is 

possible to consider other transmission parameters for better transmission performance. 
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Complete reference information is provided in the ETSI reports [31], [32], and [33]. 

According to the standard, possible parameter choices of DVB-T are provided in Table 1. 

Table 1.   Parameters of DVB-T (from [34]). 

 

b. DVB-T System Description 

The data in DVB-T are transmitted as frames. A group of 68 OFDM symbols 

forms a frame, and the super frame is formed by groups of four frames plus a 

synchronization signal as shown in Figure 16. Each OFDM symbol carries information 

associated with the subcarrier frequencies. The information consists of digital 

audio/video compressed data, pilots, transmission parameters signaling (TPS), and nulls. 

In addition to the data, each OFDM symbol contains pilots, TPS and nulls for 

synchronization and channel estimation in order to properly set parameters between 

transmitter and receiver and to avoid interference with adjacent channels, respectively. 
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Figure 16.  Super frame, frames and OFDM symbols of DVB-T (from [28]). 

In the 2k mode OFDM implementation of DVB-T, typically each OFDM symbol 

has 1,512 data subcarriers, 343 nulls, 176 pilots, and 17 TPS for a total of 2,048 

subcarriers. The distribution of pilot subcarriers changes cyclically from OFDM symbol 0 

to OFDM symbol 67, as shown in Figure 17 [31], [32], [33]. As a result, the receiver can 

easily estimate the channel frequency response with minimal loss of data capacity 

because the pattern of the pilots is known at the receiver. 

 

 

Figure 17.  OFDM symbols 0–67 showing pilots and data (from [31]). 

2. DTMB 

The DTTB standard in the P.R.C., digital terrestrial multimedia broadcasting 

(DTMB), was ratified in 2006 and became a national standard in 2007 [29]. Instead of the 

classic CP-OFDM approach used in DVB-T, DTMB adopts the TDS-OFDM modulation 

scheme that offers the advantage of spectral efficiency and higher system throughput than 
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those obtained with CP-OFDM. The DTMB transmission parameters are provided in this 

section, while the details of the system description and prefix structure are explained 

further in the next chapter.  

DTMB consists of single-carrier modulation mode ( 1C  ) and multicarrier 

modulation mode ( 3780C  ). To evaluate the performance of DVB-T and DTMB 

schemes, DTMB with multicarrier modulation mode is focused on in this thesis. To be 

well suited in a wide range of environmental conditions, DTMB has a flexible choice of 

parameters for modulation types, coding rate, and guard interval ratio to adapt to various 

situations. DTMB parameters used for the two modulation modes, as well as the 

parameter comparison between DVB-T and DTMB, are listed in Table 2 and Table 3, 

respectively. 

Table 2.   Parameters of DTMB for single-carrier mode and 

multicarrier mode (from [34]). 
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Table 3.   Parameter comparison between DVB-T and  

DTMB (from [34]). 

 
 

The details of modulation and demodulation of TDS-OFDM systems are 

introduced in the next chapter. The key point is that the synchronization signal inserted 

between OFDM frames can be very effective for rapid synchronization and channel 

tracking of highly mobile systems. 



 32 

THIS PAGE INTENTIONALLY LEFT BLANK 

 

 



 33 

IV. TIME-DIVISION SYNCHRONIZATION (TDS) OFDM 

One purpose of this thesis is to study the performance of a particular class of 

OFDM, called TDS-OFDM, currently implemented for digital TV broadcasting in the 

P.R.C. In our research we have developed generic Simulink-based transmitter and 

receiver models used in TDS-OFDM to evaluate and compare its performance against 

that obtained with DVB-T schemes. The TDS-OFDM parameters specifically selected in 

this work for the evaluation process were those commonly used in DTMB digital 

broadcasting; the models developed, however, can be used to evaluate any general mobile 

wireless communication TDS-OFDM-based systems.  

First, the structure of the signal frame generated in TDS-OFDM schemes is 

described. Next, descriptions of the receiver and the transmitter as implemented in 

Simulink are provided. Two channel models selected for modeling the multipath time- 

varying channel are introduced and associated parameters provided.  

A. TDS-OFDM SIGNAL STRUCTURE DESCRIPTION 

In TDS-OFDM-based communication systems, symbols are transmitted in frames, 

as in the standard OFDM. Each signal frame consists of two parts, the frame head 

(referred to as frame synchronization) and the frame body, as illustrated in Figure 18.  

The frame synchronization provides the information needed for synchronization 

as well as channel estimation and tracking. Each frame synchronization is generated by 

PN sequences, which also usually change from frame to frame. Apart from enabling 

tracking of fast varying channels, the frame synchronization also carries information such 

as the frame number and possibly timing.  

As discussed in the previous chapter, the frame synchronization can be viewed as 

a GI designed to prevent inter-block interference; its structure is illustrated in Figure 18. 

It consists of three parts: a preamble, a PN sequence, and a post-amble. The lengths 

shown in the figure are indicative of a certain specific implementation and can change 

with different implementations. In the particular DTMB configuration investigated, the 

PN sequence has a length equal to 255 quadrature phase-shift keying (QPSK) symbols. 
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The preamble and post-amble sections are the cyclical extensions of the last 83 

(preamble) and the first 82 (post-amble) symbols of the PN sequence, as shown in Figure 

19. In total, the frame synchronization has a length of 420 symbols. Other values for the 

preamble 
preL  (such as 24, 25, 50) and post-amble 

postL  (such as 25, 82, 105, 115) can 

also be selected depending on the channel maximum delay length.  

The second part of the signal frame, the data frame body, has a length of N  

symbols, which in the DTMB configuration considered here is equal to 3,780. The data 

frame body has the same length as that selected for the IFFT and FFT operations used in 

the modulator and demodulator, respectively. Of these N  symbols, 3,744 symbols carry 

the data, and 36 symbols carry transmission parameter signaling (TPS) with all 

demodulation parameters such as forward error correction (FEC) code rate and 

interleaver length for the demodulator. Note that this frame contains only the data and the 

necessary information to recover the data and has no pilot subcarriers since the 

information required for synchronization and channel tracking is contained in the guard 

interval. The overall signal frame including frame synchronization and frame body is 

4,200 symbols long. The symbol rate of the DTMB is 7.56 MHz, which is the same for 

both the frame synchronization and the frame body. 

Finally, the PN GI power is boosted to twice the power of the frame body in the 

multicarrier mode configuration employed in the DTMB standard.  

 

Figure 18.  The frame structure of DTMB system (after [35]). 
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Figure 19.  Structure of the GI specified in the DTMB standard (after [36]). 

B. TDS-OFDM RECEIVER 

At the demodulator, the received signal can be expressed as  

 ( ) ( , ) ( ) ( )

t

y t h t x d w t  


  ,  (4.1) 

where ( )y t  and ( )x t  are the time domain received and transmitted signal, respectively; 

( , )h t   is the channel impulse response (CIR) of the frequency-selective time-varying 

channel, and ( )w t represents the AWGN with zero mean and variance equal to 1. Within 

the i th
 OFDM frame (GI and data), ( , )x t i  is defined as the signal transmitted, and the 

channel is assumed to be time-invariant, with impulse response ( , )h t i .  

At the receiver, time spread in the transmission channel causes ISI between the 

data frame and the guard interval, as shown in Figure 20. In traditional CP-OFDM, the 

CP portion of the received signal is discarded, and the rest can be viewed as the circular 

convolution between the transmitted data and the channel impulse response, as shown in 

Figure 20(a). Also, the channel is estimated by pilot subcarriers imbedded within the 

data.   
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Figure 20.  The different impact of ISI in CP-OFDM and TDS-OFDM (from 

[37]).  

For TDS OFDM systems, the structure of the guard interval is shown in Figure 

19. The first cpN (83+82) symbols are the repetitions of the last section of the GI. As a 

consequence, the corresponding received signal can be viewed as the circular convolution 

between the transmitted PN sequence and the impulse response of the channel as shown 

in Figure 20(b), and the channel can be estimated by simple FFT operations. 

Note that eliminating the first part of the GI guarantees that there is no ISI 

between successive blocks when the maximum channel delay spread length max  is 

smaller than the CP length cpN . At that point, the estimated channel frequency response 

can be computed from the i th
 OFDM block in the frequency domain as 

 
( [ , ]) [ , ]ˆ [ , ]
( [ , ]) [ , ]

p P

p p

FFT y n i Y k i
H k i

FFT x n i X k i
  ,  (4.2) 

where 0,1,..., N 1k    and 
cpN n v  , 

cpN is the length of the CP part of the prefix, v  is 

the length of the PN guard interval, [ , ],  [ , ]p py n i x n i  are the time-domain prefix 

sequences, respectively, of the received and transmitted signal in the i th block, and 

[ , ],  [ , ]P PY k i X k i  are the counterparts, respectively, of [ , ],  [ , ]p py n i x n i  in the frequency 
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domain. The overall Simulink model for the TDS-OFDM receiver is illustrated in Figure 

21, while the implementation of the OFDM demodulation and channel estimation is 

shown in Figure 22. In particular this figure shows the extraction of the GI in the “prefix” 

block and the channel estimation within the “channel tracking” subsystem. The block 

called “Pn0inv” carries the vector of terms 1 [ ]pX k  to implement Equation (4.2). 

 

Figure 21.  Overall Simulink model of the TDS-OFDM receiver. 

 

Figure 22.  Implementation of the channel tracking in the OFDM demodulation 

subsystem. 



 38 

Once the channel impulse response is estimated, the effect of the GI, which is 

spread in time by the channel, can easily be removed, as shown in Figure 23.  

 

Figure 23.  Simulink model of the cancel prefix subsystem. 

The algorithm is illustrated in Figure 24, where the “shaded triangles” represent 

the effect of channel spreading at the end of the various blocks. Once the impulse 

response of the channel is estimated, the effect of the GI can be totally eliminated by 

convolving the known PN sequence with the channel impulse response. This is subtracted 

from the received signal so that only the data frame is left, as shown at the end on Figure 

24. 

As a result, the received data becomes equivalent to that obtained using the zero 

prefix (ZP) OFDM scheme, where values in the GI are equal to zero, free from 

interference between data blocks. 
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Figure 24.  Cancellation of the pseudorandom prefix at the receiver for DTMB 

standard (from [28]). 

Next, an overlap and add (OLA) operation is implemented to discard the guard 

interval while still preserving the periodic characteristic needed for the FFT operation, as 

illustrated in Figure 25 [34]. The overall demodulation operation at the receiver consists 

of the following three steps: 

(1) Channel estimation using the received PN sequence. 

(2) Cancellation of the pseudorandom prefix: First, convolve the prefix with 

the estimated channel impulse response, and, next, remove the resultant 

prefix, as illustrated in Figure 24 where the “shadow” areas represent 

channel time spreading due to multipath. 

(3) “Overlap and Add” operation: as shown in Figure 25, add the tail end of 

each shadowed data block to the beginning of the same block to preserve 

the cyclic property that allows for data demodulation using the FFT 

operation. 

 

Figure 25.  Overlap and add operation at each data block for TDS-OFDM (from 

[28]). 
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After the OLA operation is complete, the frequency-domain equalization method 

used in the CP-OFDM scheme is applied to the resulting TDS-OFDM signal in the 

channel equalization block. The equalized data can be obtained in the frequency domain 

by multiplying its Fourier transform with the inverse of the estimated channel frequency 

response as shown in Figure 26. At that point, the equalized data is demodulated and 

converted back to binary bits in the decoder Simulink subsystem. Finally, the recovered 

data are compared to the transmitted data to estimate the BER. 

 

Figure 26.  Simulink model for the implementation of the equalization 

subsystem. 

C. TDS-OFDM TRANSMITTER 

At the transmitter side, the overall operation implemented in Simulink has three 

parts: signal generation, M-QAM modulation and OFDM modulation. The binary 

transmitted signal is first generated using the Bernoulli binary block with equal 

probability, as shown in Figure 27. Then the modulation technique is applied to the 

binary transmitted signal by using the rectangular QAM modulator baseband function 

block. Three modulation schemes, 4-QAM, 16-QAM and 64-QAM, can be selected to 
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generate the DTMB multicarrier configuration mode. This study selected 16-QAM with a 

gray code constellation type. 

Since data are transmitted in blocks as data frames in OFDM systems, a buffer 

block must be applied in the Simulink model to enable the N  IFFT/FFT operations, as 

shown in Figure 28. Then, a N point IFFT operation is applied to the modulated data to 

simulate the serial-to-parallel operation in the OFDM.  

The parameters which need to be set for proper operation of the Simulink model 

are shown in Figure 27 and Figure 28. In particular, the generation of the random data 

sequence is shown in Figure 27, while the settings for the buffers needed to process the 

data blocks can be seen in Figure 28. 

Finally, the time domain PN guard interval is inserted between two consecutive 

time domain OFDM data blocks as a guard interval to mitigate the ISI from a previous 

OFDM block into the next. 

The resulting overall transmitted OFDM symbol, also referred to as superframe, 

has a length equal to P N v  , where N  and v  represent the data length and the guard 

interval length, respectively. In the DTMB configuration investigated in the study, P  is 

equal to 4,200. The overall simulation model obtained for the TDS-OFDM system is 

shown in Figure 27, while the overall modulation operation at the transmitter including 

16-QAM modulation and OFDM modulation with the PN insertion steps is shown in 

Figure 28.  

The general expression of the transmitted OFDM symbol can be expressed as  

 x[n,i] =
x
p
[n,i],  0 < n < v -1

x
d
[n,i],  v < n < N + v

ì
í
ï

îï

 , (4.3) 

where [ , ]x n i  is the i th
 time-domain transmitted OFDM symbol with length P N v  , 

[ , ]px n i  is the time-domain PN sequence of length equal to v  and [ , ]dx n i  is the time-

domain OFDM data symbol of length equal to N . For simplicity, the parameter n  is 

dropped in the notation for the remainder of this thesis. 
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Figure 27.  Illustration of the overall communication model and binary 

transmitted signal generated from the Bernoulli binary function block. 

 

Figure 28.  Simulink model of the overall modulation operation at the 

transmitter with parameters specified in each function block. 
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D. CHANNEL MODEL FOR SIMULATION 

A number of multipath channels with Rayleigh distribution have been chosen to 

model the multipath propagation in the time-varying scenario for the terrestrial 

communication channel. In particular two different standard transmission channel models 

were considered: the COST 207 model with 6-path typical urban (TU6) characteristics 

and the modified China test8 (CT8) model restricted to the 4-path characteristics only 

[38], [39]. The power delay profiles of these two channel models are specified in Table 4 

and Table 5. Note that care must be taken when selecting channel profiles to ensure 

complete elimination of ISI, which occurs only when the maximum channel length does 

not exceed the prefix length. 

Table 4.   The profile of 6-path typical urban (TU6) channel. 

 Tap1 Tap2 Tap3 Tap4 Tap5 Tap6 unit 

Delay 0 0.2 0.5 1.6 2.3 5 s  

Power -3 0 -2 -6 -8 -10 dB  

 

Table 5.   The profile of modified China Test 8 (CT8) channel. 

 Tap1 Tap2 Tap3 Tap4 unit 

Delay 0 0.15 1.8 5.7 s  

Power 0 -20 -20 -10 dB  

 

The multipath Rayleigh fading channel function block was chosen to simulate the 

channel with multipath characteristics, as copies of the delayed transmitted signal arrive 

at the receiver with different delays and magnitude attenuation. The number of delay 

paths and the average path gain were specified in this function block according to the 

channel model considered.  

In addition, three values of maximum Doppler frequency shift maxDf  were 

selected as 2, 40, and 80 Hz to simulate the relative movement between the transmitter 

and the receiver. These Doppler shift values correspond to a relative velocity of 2.5, 50, 

and 100 km/h, respectively, assuming the carrier frequency is equal to 860 MHz in the 
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UHF band. These maxDf  values were entered as input parameters in the multipath channel 

function block. Next, AWGN was added to the multipath Rayleigh channel to account for 

the noise inherent in a communication channel. The simulation of AWGN was 

implemented via different values of signal-to-noise ratio per bit ( 0bE N ) to simulate the 

various channel environment situations from 0 to 50 dB. 

Throughout the simulations, the channel was assumed to be time-varying but slow 

fading, which means the channel response remains nearly constant within one OFDM 

symbol duration. The multipath time varying channel can be specified as  

 
1

0

( , ) ( ) ( )
L

i i

i

h t A t   




  ,  (4.4) 

where L  is the numbers of delay paths, i  is the delay in time and (t)iA  is the time 

varying complex gain of i th
 delay path. The overall Simulink-based channel model 

including AWGN distortion is shown in Figure 29. In particular the parameters for the 

simulation are shown in Figure 29. 

 

Figure 29.  Simulink model of the multipath Rayleigh fading channel and 

AWGN with parameters specified in each function block. 
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Simulation results are presented in the next chapter, where comparisons with 

classic CP-OFDM are made on the basis of BER for different SNR levels and Doppler 

frequency values. 
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V. SIMULATION RESULTS 

The fundamental description and implementation of TDS-OFDM was provided in 

the previous chapter. The simulation results of the TDS-OFDM-based DTTB system, 

currently applied in DTMB in the P.R.C., with particular attention to its behavior in the 

presence of a time-varying multipath channel, are presented in this chapter. The system 

performance is evaluated on the basis of the BER for different SNR levels.  

First, the simulation model parameters are introduced, and following that, 

simulation results are analyzed. Finally, DTMB-based results are compared to those 

obtained using the counterpart CP-OFDM scheme employed in the European DVB-T.  

A. SIMULATION PARAMETERS OF THE TDS-OFDM-BASED DTTB 

SYSTEM 

The DTMB-based simulation parameters are listed in Table 6. As discussed 

earlier, OFDM is a special case of the MCM scheme that splits the total bandwidth B  

into N orthogonal subcarriers with the same frequency spacing ( f B N  ). Assuming 

an 8.0 MHz channel bandwidth, a sampling rate of 7.56 MHz and 3,780 subcarriers were 

chosen for the simulation, in line with standard broadcasting applications. Using these 

parameters, we set the data frame body to 500 μs, while the PN prefix was selected as 1/9 

of the OFDM data portion that provides the guard time equal to 55.6 μs. Therefore, the 

duration of the total OFDM symbol was set to 555.6 μs.  

Table 6.   Simulation parameters of the TDS-OFDM based DTTB 

system. 

Channel bandwidth 8 MHz 

Signal bandwidth 7.56 MHz 

Frame body length(FFT size) 3,780 (3,744 data+36 TPS) 

Frame body period 500 μs 

Subcarrier frequency spacing 2k 

Frame heather length 420 (1/9 of 3780) 

PN sequence length 255 

Pre-amble length 83 

Post-amble length 82 
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B. PERFORMANCE EVALUATION OF TDS-OFDM IN DTMB 

The TDS-OFDM-based DTTB system performance using a 16-QAM modulation 

scheme was evaluated in terms of BER versus SNR level for SNR values ranging from 0 

to 50 dB. For simplicity, all simulations conducted in this thesis assume perfect timing 

and frequency synchronization. In addition, the channel models are selected with the 

maximum delay path not exceeding the GI length, and the channel is assumed to be time-

invariant within one OFDM symbol duration. The total length of the data in the 

simulation was set to 75 10  symbols in this research.  

As shown in Figure 30 and Figure 31, the BER performance of the TDS-OFDM-

based DTTB system, DTMB, in TU6 and modified CT8 channel, respectively, with 

maximum Doppler frequency shifts 
df  of 2 Hz, 40 Hz, and 80 Hz and the BER for an 

AWGN channel without multipath or Doppler effect is also provided (pink curve) for 

comparison purposes. 

 

Figure 30.  DTMB system BERs over the TU6 channel for various noise and 

maximum Doppler shift levels. 
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Figure 31.  DTMB system BERs over the CT8 channel for various noise and 

maximum Doppler shift levels. 

Results show that the BER values observed in both channel scenarios are almost 

identical for all SNR levels and Doppler shift values considered. As expected, BER 

values decrease as the SNR level increases or the maximum Doppler shift value 

decreases, as illustrated in Figure 30 and Figure 31.  

For example, the BER in the TU6 channel configuration with Doppler shift can 

improve up to around 53 10  for a smaller Doppler shift of 2df   Hz, while for cases 

with higher Doppler shifts, such as 40df   Hz and 80df   Hz, the BER increases to 

35 10  and 21.8 10 , respectively.  

Results indicate that the BER plateaus for 30 dB and larger for high levels of 

Doppler shifts. Results also show that the BER value decreases to almost zero, indicated 
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as 
710
 in the graphs, when there is no multipath or the transmission channel is time-

invariant, as shown in both Figure 30 and Figure 31, for SNR levels above 40 dB.  

As expected, the BER worsens in the presence of multipath and time-varying 

channel conditions such as in the chosen TU6 or modified CT8 channel models.     

An initial assessment tool of the model implemented was done by plotting the 

subcarrier constellations obtained at the demodulator stage for different channel 

conditions with the SNR equal to 50 dB, as shown in Figure 32. 

 

Figure 32.  DTMB subcarrier constellation at the demodulator in different 

channel conditions at 50 dB. 
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From Figure 32(a), it can be seen that in an AWGN-only channel with the SNR 

equal to 50 dB, the subcarrier constellation obtained at the demodulator with 16-QAM 

showed perfect 16 fix points with the BER equal to zero. When the channel has 

multipath, however, and is time-varying, such as the TU6 channel with a maximum 

Doppler shift equal to 2 Hz, the constellation diagram starts showing perturbations as 

illustrated in Figure 32(b). Similarly, for the TU6 channel with maximum Doppler shift 

equal to 80 Hz, the constellation diagram is degraded but still shows the expected 16 

clustered data points, as illustrated in Figure 32(c). The data point spreads represent 

fluctuations in the recovered signal due to the high Doppler shift level. As a result, the 

BER obtained in this case was much higher and equal to 21.87 10 . Note that the 

increase in maximum Doppler shift still results in a high BER even for a large SNR, as 

expected. 

C. PERFORMANCE COMPARISON OF TDS-OFDM VERSUS CP-OFDM IN 

DTTB 

In order to compare the performances of TDS-OFDM-based and conventional 

CP-OFDM DTTB systems, we simulated both DTMB and DVB-T models in Simulink. 

Both models were set according to the corresponding standards. We used the CP-OFDM 

based system implementation in [40]; simulation implementation details for this standard 

are provided in Appendix B and Appendix C.  

Specific implementation parameters selected for the CP-OFDM configuration 

implemented in the DVB-T standard are as follows. We selected the “2k” mode, which 

uses 2,048 subcarriers and standard CP-OFDM scheme and boosts the power of the pilot 

subcarriers by a factor equal to 16/9 as compared to the data subcarriers. The length of 

the GI was chosen to be 1/32 of the frame body. The sampling rate was selected as 64/7 

Hz. To ensure a fair performance comparison, all other parameters were set to be 

identical to those used in DTMB; the channel bandwidth was selected as 8 MHz, and the 

frame body modulation scheme was selected as 16-QAM. The resulting DVB-T-based 

BER performances in TU6 and modified CT8 channel environments with AWGN are 

included in Appendix D. 
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The BER comparison between DTMB and DVB-T for both TU6 and modified 

CT8 channel with different maximum Doppler shifts 
df  are shown in Figure 33 and 

Figure 34, respectively. 

 

Figure 33.  BER comparison between DTMB and DVB-T for TU6 channel with 

different values of the maximum Doppler shift. 

Overall, BER results show similar trends obtained for DTMB and DVB-T in both 
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Figure 34.  BER comparison between DTMB and DVB-T for modified CT8 

channel with different values of the maximum Doppler shift. 

Results show significantly lower BERs are obtained with the DTMB standard for 

SNR levels above around 25 dB for the three considered Doppler shift levels in both 

transmission channels investigated, as shown in Figure 33 and Figure 34. TDS-OFDM, 

employed in DTMB, with its boosted PN guard interval and no pilots inserted in the 

OFDM data portion, is designed to allow for faster channel tracking and better spectral 

efficiency than the conventional CP-OFDM applied in DVB-T. Results show DTMB is 

better suited to handle highly mobile environments as BERs obtained for Doppler shifts 

equal to 80 Hz (100 km/h) are smaller than those obtained for DVB-T at the lower 

Doppler shift of 40 Hz (50 km/h).  
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As can be seen from Figure 33, the DTMB system implemented in the TU6 

channel environment consistently outperforms DVB-T for SNR levels above 12 dB to 23 

dB, where the specific SNR level cross-point depends on the Doppler shift level 

considered. In addition, we note the BER behavior remains flat for both DTMB and 

DVB-T implementations for large Doppler level scenarios, while it continues to decrease 

with increasing SNR levels for low Doppler shift levels. This behavior is expected to 

improve when FEC coding and interleaver operations are added.  

In the CT8 channel case, DTMB outperforms DVB-T for SNR levels above 12 dB 

to 15 dB, where the specific SNR level cross-point depends on the Doppler shift level 

considered. 

Similar trends for the BER results for both selected channels show the 

effectiveness of the developed system with the performance of DTMB (TDS-OFDM) 

better suited for faster time-varying scenarios than DVB-T (CP-OFDM) with the proper 

SNR level provided.  
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VI. CONCLUSIONS 

A. OVERALL RESULTS 

The purpose of this thesis was to model and analyze the performance of the TDS-

OFDM system for DTTB for the frequency-selective, slow fading channel scenario. 

OFDM is known for being effective in frequency-selective fading multipath channels, 

and the classic CP-OFDM has been applied in many fields of communication such as 

broadcasting and cell phone application. The newly proposed TDS-OFDM, however, is 

only adopted in DTMB as the DTV standard of the People’s Republic of China and is not 

yet officially adopted for other communication applications, even though its 

characteristics make it very well suited to mobile environments. Note that simulation 

results obtained in this research are not limited to digital broadcasting only but can be 

extended and applied to any general mobile wireless communication applications. 

General characteristics of mobile propagation and types of fading were discussed. 

Next, the fundamentals of conventional OFDM followed by the newly proposed TDS-

OFDM were provided. Finally, the comparison of two OFDM techniques for digital 

broadcasting was conducted using the proposed Simulink-based models. Two standard 

channel models, TU6 and modified CT8, were utilized for modeling the multipath 

Rayleigh fading channel and showing the validity of the proposed model. A physical 

phenomenon of wireless communication, Doppler shift, was also taken into account for 

the time-varying scenario. Channel estimation and equalization were implemented at the 

receiver to recover the transmitted signal. System performance was then evaluated in 

terms of BER as a function of SNR for different values of maximum Doppler frequency 

shifts. 

In both channel environments, the overall BER results were similar for each 

maximum Doppler shift case. As expected, the overall BER performance improves with 

increasing SNR or decreasing Doppler frequency. For lower values of the Doppler 

frequency such as 2df   Hz, the BER is inversely proportional to the SNR. For higher 

Doppler frequencies such as 40 or 80df   Hz, however, the BER improvement is limited 
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due to the fast variation of the channel as the SNR increases. Results verify that the BER 

remains larger for poor channel conditions even when the SNR increases. Note that 

performance improvements can be expected by adding FEC coding and interleaver 

blocks in the communication system, which are not present in the model derived in the 

study.  

In general, TDS-OFDM outperforms CP-OFDM for a large SNR, i.e., above 20 

dB (depending on channel conditions), for both channels and for each corresponding 

Doppler case. The TDS-OFDM is faster than the CP-OFDM to adapt to changes in the 

physical time-varying channel, which is reflected in the resulting BER for highly mobile 

environments.  

B. RECOMMENDATIONS FOR FUTURE WORK 

There are several areas recommended for follow-on research. All simulations in 

this thesis were conducted given the assumption of perfect time and frequency 

synchronization; therefore, errors resulting from phase noise and frequency offset were 

not taken into consideration, and these may seriously degrade the system performance. It 

is recommended that timing and frequency offset tracking be implemented to avoid 

performance degradation due to offset error.   

The channel estimation in this research was carried out in the frequency domain 

using the FFT. Since it is known that accurate channel estimation is crucial in OFDM 

systems, it would be beneficial to conduct other channel estimation methods that can be 

found in the research literature, such as time-domain correlation of the PN sequence with 

the received signal.  

Finally, for severe channel conditions such as Rayleigh multipath with large 

Doppler shift, results showed the system performance cannot be improved with a higher 

SNR. Therefore, introducing FEC coding with appropriate code rate and interleaver 

lengths is recommended to improve the overall system performance.    
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APPENDIX A. MATLAB CODE 

The MATLAB code in the callback function of each DTTB model used in 

Simulink to evaluate the system performance is provided here. The complete Simulink 

model is available upon request from the author (laihuichen@hotmail.com) or thesis 

advisor (fargues@nps.edu). 

1. Model Initialization Parameters of DTMB in the Callback Function 

clear all 

 

%parameters needed to reset for different cases: 

M=16; % M-QAM 

EbN0_dB = 15; %in dB 

 

%Rayleigh Multipath CH with Doppler: 

fD = 80; % doppler freq. in (2;40;80)Hz 

%for TU6 CH 

Dp = [0 0.2e-6 0.5e-6 1.6e-6 2.3e-6 5e-6]; %multipath time delay in (sec)  

Pwd = [-3 0 -2 -6 -8 -10 ]; %multipath power in (dB) 

%for CT8 CH 

%Dp = [0 0.15e-6 1.8e-6 5.7e-6]; %multipath time delay in (sec)  

%Pwd = [0 -20 -20 -10 ]; 

% Frequencies 

Fs=(7.56)*1.0e06; % sampling and symbol rate in Hz 

NFFT=3780; % FFT length 

 

%compute noise variance according the specified Eb/N0 

EbN0 = 10^(EbN0_dB /10); %dimensionless ratio 

 

%Received delay setting in the error rate calculation block 

TD=zeros(1,16); 

% M=16, 16-QAM 

TD(16)=30244; 

%M=4, QPSK 

TD(4)=15122; 

%M=2, BPSK 

TD(2)=7560; 

 

%noise variance 

Ps = 1; %signal power=unity power=OFDM data power 

L = NFFT/9; %prefix length(420) 
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N = NFFT; %OFDM data length(3780) 

r = 2; %prefix power boost factor 

eps = Ps*(1+(L/N)*r)/(log2(M)*EbN0) %noise power (assume zero-mean) 

 

% PN sequence for GI 

p0 = sign(randn(1,255)) + 1i*sign(randn(1,255)); %QPSK signal  

p0 = p0/(sqrt(NFFT)); %normalized prefix power boosted to twice OFDM data part 

 

pre = p0(255-83+1:255); 

post = p0(1:82); 

pn=[pre, p0, post]; 

NGI=255+82+83; % Length Guard Interval 

Pn0=fft(pn(166:NGI)); 

Pn0inv=conj(Pn0)./(abs(Pn0).^2 + eps); 

%pn = pn(1:42);  

zeropn=[zeros(1,NFFT), pn]; 

 

% parameters 

Fb=log2(M)*(NFFT/(NFFT+NGI))*Fs; % bit rate 

 

2. Model Initialization Parameters of DVB-T in the Callback Function 

clear all 

%parameters need to reset for different cases: 

M=16; % M-QAM 

EbN0_dB = 10; %in dB 

 

%Rayleigh Multipath CH with Doppler: 

fD = 80; % doppler freq. in (2;40;80)Hz 

%for TU6 CH 

Dp = [0 0.2e-6 0.5e-6 1.6e-6 2.3e-6 5e-6]; %multipath time delay in (sec)  

Pwd = [-3 0 -2 -6 -8 -10 ]; %multipath power in (dB) 

%for CT8 CH 

%Dp = [0 0.15e-6 1.8e-6 5.7e-6]; %multipath time delay in (sec)  

%Pwd = [0 -20 -20 -10 ]; 

%compute noise variance according the specified Eb/N0 

%EbN0_dB= 50; %in dB 

EbN0 = 10^(EbN0_dB /10); %dimensionless ratio 

 

% Channel Estimation in Freq. Domain  

% Frequencies  

Fs=(64/7)*1.0e06; % sampling and symbol rate in Hz  

Fb=log2(M)*(1512/(2048+64))*Fs; % bit rate  

 

% DVB-T settings: 
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% Kdata = data subcarriers (68x1512) 

% Kpilots = pilots subcarriers (68x176) 

% Ktps = TPS subcarriers (68x17) 

% 1512+176+17=1705 

% nulls=2048-1705=343 

 

[Kmod, Kdem, Kdata, Xoh, Koh, Nk,NFFT, NCP]=dvbtframe2k; 

Kpilots=Koh(:, 1:Nk(2)); 

Xpilots=Xoh(:, 1:Nk(2)); 

[KH, XpH, IK, Minv]=channel estimator(Kpilots, Xpilots,NFFT); 

 

%noise variance (account for BOOST pilot) 

Ps = 1; %signal power=unity power=OFDM data power 

L = NFFT/32; %prefix length 

Ndata = 1512; 

Ntps = 17; 

Npilot = 176; 

N = NFFT; %OFDM data length(3780) 

r_pilot = 16/9; %pilot power boost factor 

r = 1; %prefix power boost factor 

G = 1 + (L/(Ndata+Ntps+Npilot*r_pilot)); 

eps = Ps*G/(log2(M)*EbN0) %noise power (assume zero-mean) 

 

%compute the normalized gain factor K (account for BOOST pilot) 

N = NFFT; 

Ndata = 1512; 

Npilot = 176; 

Ntps = 17; 

K1 = N/sqrt(Ndata+Npilot*r_pilot+Ntps) %gain factor to normalize total power 

 

3. Overlap and Add Operation 

function y = fcn(u) 
%#codegen 
 NFFT=3780; 
 L=83; 
 y=u(1:NFFT); 
 y(1:L)=y(1:L)+u(NFFT+1:NFFT+L);  %overlap and add 
 % end 
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4. Inverse Operation in the Equalization 

function y = fcn(u) 
%#codegen 
y = conj(u)./(npw+abs(u).^2);      

%use eps(noise power)in equalization in consistent with CH EST scheme 

in simulation 
% end 
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APPENDIX B. SIMULATION DIAGRAM OF DVB-T 

 

Figure 35.  Simulink diagram of the proposed DVB-T (from [40]). 
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APPENDIX C. SIMULATION PARAMETERS OF THE DVB-T 

SYSTEM 

Table 7.   DVB-T system simulation parameters. 

Channel bandwidth 8 MHz 

Signal bandwidth 64/7 MHz 

Frame body length (FFT size) 2,048 (2k) 

Frame heather length 64 (1/32 of 2,048) 

Numbers of null subcarriers 343 

Numbers of pilot subcarriers 176 

Numbers of TPS subcarriers 17 
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APPENDIX D. SIMULATION RESULTS OF DVB-T 

 

Figure 36.  DVB-T system BERs over the TU6 channel for various noise and 

maximum Doppler shift levels. 
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Figure 37.  DVB-T system BERs over the CT8 channel for various noise and 

maximum Doppler shift levels. 
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