


COFDM 


and the choice of parameters for DVB-T





Lis Grete Møller


Tele Danmark











�
Introduction


The terrestrial digital TV system specified in DVB and adopted as European standard (�(, denoted the DVB-T system, is developed in order to fulfill the requirements agreed by the various parties involved, i.e. broadcasters, network operators,  regulatory bodies and manufacturers. 


The system is based on the use of COFDM (Coded Orthogonal Frequency Division Multiplexing). It has been specified for transmission of programme(s) in a data container and thereby allowing for a flexible choice of  number of programmes and quality levels from HDTV to LDTV. 


The specification only describes the transmitted signal and thus does not specify receivers. It does not either specify the content of the data container except that it is an MPEG-2 transport stream. 


The choice of the transmission system and the detailed parameters has been made after careful consideration and testing in cooperation between the relevant parties in order to fulfill both the technical and commercial requirements.


Characteristics of the terrestrial channel


When a modulation method for digital TV is chosen the characteristics of the channel are essential. Modulation methods for the European DVB systems for satellite and cable (�((�( were specified for optimum performance in the respective channels with minimum receiver complexity, i.e. single carrier QPSK modulation for satellite and single carrier QAM modulation for cable.


When the modulation system for terrestrial is to be specified the particular characteristics of the terrestrial channel have to be taken into account. This channel is very different from the satellite and cable channels: 


the terrestrial channel may be impaired by severe multipath due to terrain and buildings, 


the amount of man-made noise may be high,  


in the congested frequency spectrum for television broadcast, interference to and from both analogue and digital TV is a crucial factor.


The characteristics of the terrestrial channel will vary significantly with environment. The characteristics can be described mathematically by the number, level, and phase of the echoes. 


For evaluation of terrestrial television systems it is necessary to define a few channel models that can be used for simulations.


 For DVB-T three models have been used: 


a Gaussian channel where the direct received signal is only impaired by white noise, 


a Ricean channel where the direct path is impaired by a number of echoes of varying level and phase, 


a Rayleigh channel without a direct path, and where the echoes are the same as for the Ricean channel. 


The Gaussian and more typically the Ricean channel are characteristic for reception with a roof-top aerial while the Rayleigh channel is characteristic for portable reception.


The precise description of the channel models can be found in (� NOTEREF _Ref384967659 �1�(


Requirements for digital terrestrial television.


The requirements for a digital terrestrial television system have been agreed by the Terrestrial Commercial Module in DVB.(�(


The main requirements are the following:


Video quality: LDTV, SDTV and EDTV. The system should be extensible to HDTV.


Audio quality: surround sound, stereo sound and additional services, f.ex. for the hard-of-hearing


The system should provide maximum commonality with the satellite and cable baseline systems.


The transmission capacity should be considered as “data containers”, that may contain different kinds of services being transmitted simultaneously.


The system should be designed for stationary reception as well as static portable reception.


The service should be optimised using existing transmitter sites.


The system should permit maximum use of the flexibility in spectrum planning provided by digital broadcasting.


The system should be designed to allow operation of single frequency networks.


The system should be designed so that single frequency relays (gap-fillers) can already be used in the introduction phase.


The system should provide for local and national coverage under acceptable economical and frequency management conditions.


The system should be designed for adequate ruggedness against interference and it must minimize its own interference into existing terrestrial analogue services.


The system should be re-configurable in such a way that the broadcaster may trade capacity against coverage. In the first phase, a non-hierarchical system would be acceptable. In the second phase, a two-layer hierarchical system is judged to be sufficient.


It is planned to start services no later than end 1997.


Choice of transmission system


The requirements can be categorised into two parts: service related and network related.  Item 1, 2 and 4 above are service related, and do not influence the choice of coding and modulation. 


Item 3 is important, as the maximum commonality between different transmission media enables cheaper receivers and easier transmission across delivery media boundaries. Item 3 will influence data framing and coding of the system, but not necessarily the modulation, as this should be adapted to the actual transmission medium.


All other items are network related, and will be considered in detail in the following.


Item 5 will require the system to work under severe multipath conditions. It is therefore one of the most demanding requirements for the modulation system.


Mobile reception is not required but “could be considered to the extent that it is feasible”. Ability to cope with a fast varying channel is therefore not absolutely necessary, but the system should be able to cope with some time variance due to moving objects.


Item 8 and item 9 are essential for the choice of modulation system. A single frequency network consists of a number of transmitters using the same frequency to emit identical programs to the coverage area. It can thus be considered to be a special case of a multipath channel, where the late arriving signals may be of the same level as the direct path, or even higher. The most suitable system  for such channel conditions is a COFDM (Coded Orthogonal Frequency Division Multiplexing) system, already intensively tested and in operation for DAB (Digital Audio Broadcasting).


All other requirements can be fulfilled by careful choice of parameters for the transmission system.


COFDM


COFDM is characterised by transmitting the signal on a large number of carriers (frequency division multiplexing) and thereby allowing each carrier to transport only a moderate bit rate.


The carriers are orthogonal and it is therefore possible to decode the signal even though there is some frequency overlapping of the individual carriers. Although the symbol rate of each carrier is moderate, intersymbol interference would still occur if no special measures were taken. To avoid the intersymbol interference a guard interval is inserted before each symbol. The guard interval consists of a cyclic continuation of the useful symbol. It will ensure that the orthogonality of the carriers can be retrieved for the received signal, also in the presence of echoes, as long as the these are inside the guard interval.(�(


It is clear that even though the guard interval will maintain orthogonality of the received carriers, echoes will cause fading. 


It is therefore necessary to use the C (coding) in COFDM. Coding is essential for the performance of the system. By choosing an efficient forward error correction coding scheme and interleaving it is possible to achieve sufficiently low error rates in fading channels at C/N values only a few dB higher than for a Gaussian channel. The interleaving will improve the performance of the coding as it will spread erroneous bits to avoid error bursts being fed to the Viterbi decoder. The details of the mechanisms for interleaving and error correction with soft decision are explained more detailed in (�(


Choice of parameters for DVB-T


The transmission systems consist of a number of parts: the input data framing, the outer interleaver and error protection, the inner coding, interleaving and modulation. Figure 1 shows the transmitting side of the DVB-T system. The corresponding receiver is shown in figure 2.


�


As digital TV transmission systems for cable and satellite have already been specified in DVB and adopted as European standards (� NOTEREF _Ref384704983 �2�((� NOTEREF _Ref385387138 �3�(, the DVB-T system is based on the specifications for satellite and cable for those parts that are not directly related to the characteristics of the transmission channel.


�


Outer interleaving and coding


The following parts for the DVB-T system have been specified identically to the cable and satellite specification: the data framing, the outer interleaving and the outer error protection. 


The input signal is an MPEG-2 transport stream of 188 byte packets. This signal is first randomised with pseudo-random-bit-sequence for energy dispersal.


The outer coding is Reed-Solomon coding,  RS(204,188,t=8) shortened code derived from the original systematic code RS(255,239,t=8). The error protected packets are interleaved by a convolutional byte-wise interleaver with I=12.


Inner coding and interleaving


The inner error protection is not used in the cable specification. For the satellite system the inner error protection consists of a convolutional code with a mother rate 1/2 and a constraint length 7. The convolutional code can be punctured to rate 2/3, 3/4, 5/6 or 7/8. The same inner error protection is also suitable for the terrestrial channel and is therefore used in the DVB-T system. 


In addition to the inner coding, inner interleaving is necessary to avoid bursts of erroneous bits being fed to the Viterbi decoder. 


The inner interleaver is specified for optimum performance versus complexity. It consists of a combined bit and symbol interleaver, where “symbol” here refers to the bits being transmitted by one carrier during one symbol time.


The bit interleaver is a block interleaver of 126 bits with different interleaving patterns for every 2, 4, or 6 bits, while the symbol interleaver is a pseudo random sequence interleaver working on groups of 2, 4, or 6 bits depending on the modulation of the carriers. 


The interleaving process results in frequency interleaving, no time interleaving is used. The frequency diversity by transmitting the signal on the large number of carriers combined with frequency interleaving is evaluated to give the required performance.


Choice of OFDM parameters


The only remaining part that is directly related to the transmission channel is the modulation system.


The choice of parameters for a COFDM system is based on the network requirements.


The requirements for flexibility and single frequency networks/single frequency gap-fillers determines some of the main parameters for the system.


Single frequency networks are not planned to be used in all countries, and in the introduction phase only very limited single frequency networks will be possible due to frequency constraints. The system should therefore also allow the most frequency economic implementation of conventionally planned networks.


The high demand on flexibility of the system will require a specification that contains a number of different modes. As the system should also be specified in order for the complexity of receivers to be kept  as low as possible, it is necessary to maintain maximum commonality between all the different modes of operation.


Guard interval and number of carriers


The requirements on guard interval length determines the number of carriers of an OFDM system. The necessary guard interval length depends on the transmitter distance in a single frequency network, or on the delay of natural echoes in case of a conventionally planned network.


In order to achieve the maximum bit rate the guard interval should be kept below 1/4 of the useful symbol time, and indeed as short as possible.


If SFN is to be based (mainly) on existing transmitter sites, it is necessary to use a guard interval of approximately 250 (s. This will allow for large area SFN, for example for regional coverage, while national SFN in some countries ideally would require a guard interval length of approximately 500 (s. 


The carrier spacing of an OFDM system is inversely proportional to the symbol duration. The requirement for a long guard interval determines the number of carriers: a guard interval of (250 (s can be achieved with an OFDM system with a symbol time of (1 ms and hence a carrier distance of (1 kHz, resulting in (8000 carriers in an 8 MHz wide channel.


An OFDM signal is implemented using an inverse FFT, and the receiver uses an FFT in the demodulation process. The FFT size is 2N, where N = 11 or N = 13 are the values used for DVB-T. The FFT size will then be 2048 or 8192, which determines the maximum number of carriers. 


In practice a number of carriers at bottom and top end of the OFDM spectrum will be left out in order to allow for separation between channels (guard band). 


Systems using an FFT size of 2048 are often referred to as “2k OFDM” while systems using an FFT size of 8192 are often referred to as “8k OFDM”.  


A larger FFT size (and closer spacing of the carriers) is not considered feasible for consumer receivers at present.


The emitted signal for DVB-T, for one OFDM symbol, t=0 to t=TS , is specified as:


�embed Equation ���


where 


fC is the center carrier of the emitted signal


k is the carrier number


Kmin is the minimum carrier number


Kmax is the maximum carrier number


ck is the modulation of carrier k


TU is the useful symbol time, or the inverse of the carrier spacing.


( is the guard interval. 


TS  is the total symbol duration (= TU + ()


The OFDM signal is basically defined by the elementary time element T (T= TU/N, where N is the FFT size). 1/T is often referred to as the system clock frequency for the OFDM system.


( (and thus TS) are integer multiples of  T.


T = 7/64 (s for the DVB-T system in 8 MHz wide channels. This value results in coincidence between OFDM carriers and the line spectrum for PAL.


With a fixed T, the choice of N (FFT size) and multiplication factor(s) to obtain the required guard interval, can be used to specify different operating modes of essentially the same system.


For the DVB-T system both a 2k mode and an 8k mode are specified. This choice is based on the necessity for availability of receivers for early implementation in some countries, where single frequency networks are not planned to be implemented at an early stage, and the requirements for large single frequency networks in other countries. 


A 2k-only receiver will not be able to receive an 8k signal, while 8k receivers will be able to receive both 2k and 8k modes.


The penalty of  a long guard interval (= 1/4 of active symbol duration) is a lower data capacity. To enable a higher data capacity in situations where single frequency networks are not required, a flexible guard interval has been specified. The guard interval can have four different values: 1/4, 1/8, 1/16 and 1/32 of the active symbol length.


The main parameters for the DVB-T system are shown in table 1.


Carrier modulation


An additional requirement for terrestrial transmission compared with cable and satellite transmission, is possibility for two level hierarchical transmission, i.e. two MPEG-2 transport streams being transmitted in a combined signal where one of the transport streams will be receivable with a lower C/N than the other one. These two transport streams may carry the same programme(s) or totally different programmes, as the receiver will only decode one of transport streams, depending on receiving conditions.


This requires a two-level coding and modulation to be specified.


The modulation of the carriers is QPSK, 16-QAM or 64 QAM, either uniform or non-uniform. 


Parameter�
8k mode�
2k mode�
�
Number of carriers K�
6 817�
1 705�
�
Value of carrier number Kmin �
0�
0�
�
Value of carrier number Kmax�
6 816�
1 704�
�
Duration TU�
896 (s�
224 (s�
�
Guard interval duration (�
224 (s�
112 (s�
56 (s�
28 (s�
56 (s�
28 (s�
14 (s�
7 (s�
�
Carrier spacing 1/TU (note)�
1 116 Hz�
4 464 Hz�
�
Spacing between carriers 


Kmin and Kmax�
7,61 MHz�
7,61 MHz�
�
Carrier modulation�
QPSK, 16-QAM or 64-QAM�
�
Inner code rate�
1/2, 2/3, 3/4, 5/6, or 7/8�
�
NOTE :	Values in italics are approximate values.


�
�



Table 1: Main parameters for DVB-T


�
�
The non-uniform modulation has unequal distance between groups of constellation points, so that a signal carried by the QPSK constellation can be received at a lower C/N than the full constellation of 16- or 64-QAM.


For non-hierarchical transmission uniform modulation is used. 


For hierarchical transmission both uniform and non-uniform modulation can be used, as the inner error protection can be chosen differently for the two layers.


It has to be remarked, that the hierarchical system only refers to modulation and coding. The receiver is only required to decode one of the two layers. It is therefore necessary to transmit two independent MPEG-2 transport streams in case of hierarchical transmission.


As mentioned earlier the inner error correction code rate can be chosen to be rate 1/2, 2/3, 3/4, 5/6, or 7/8. By choosing the combination of constellation and code rate the system can be designed to cope with a large variety of channel characteristics, and can be tailored to the required receiving conditions and intended coverage area.


Simulated performance of the DVB-T system for all combinations of constellation and code rate in Gaussian, Rice, and Rayleigh channels can be found in (� NOTEREF _Ref385567165 �1�(.


Reference signals


Coherent demodulation of QAM requires reference signals to cope with channel variations. 


These reference signals are called pilots in the DVB-T specification. The pilots are spread in time and frequency within the OFDM signal and have a known amplitude and phase. 


There are two types of pilots: the continual pilots which are spread randomly over each OFDM symbol (an OFDM symbol consists of all carriers during one symbol time) and carried by the same carriers on all OFDM symbols, and the scattered pilots which are spread evenly in time and frequency across the OFDM symbols. 


The continual pilots can be used for synchronisation and phase error estimation while the scattered pilots allow for estimation of the channel characteristics by interpolation in time and frequency. Channel variations due to echoes from fixed and moving object can then be taken into account, as well as other impairments such as interference. 


The use of time interpolation between the scattered pilots may allow for mobile reception in cases where field strength is sufficient. Further theoretical and practical investigations in possibilities for mobile reception are ongoing and results are expected to be published in the near future.


Transmission parameter signalling 


A TPS channel (Transmission parameter signalling) is added as part of the OFDM signal. This signal carries information on transmission parameters such as mode, guard interval length, modulation, and code rate. It can be used by the receiver for faster acquisition.


The TPS signal is carried by BPSK (binary phase shift keying) of a number of carriers spread over the entire OFDM symbol. One OFDM symbol carries one bit of the TPS signal, while the total TPS signal is transmitted over 68 OFDM symbols.


Frame structure


The signal is transmitted in OFDM frames. 


The exact number of active carriers (or data carrying carriers), pilots, and TPS carriers have been chosen from the following requirements:


maximum data capacity


common frame structure for 2k mode and 8k mode


sufficient frequency guard band between two adjacent 8 MHz blocks 


sufficient number of pilots for required performance


the same number of data carrying carriers on all OFDM symbols


an integer number of MPEG-2 packets to be carried by a frame (or super-frame) independently of the transmission mode.


The framing is signalled by the TPS signal. One frame consists of 68 OFDM symbols which is also the number of bits in the TPS signal. Four OFDM frames constitutes one super-frame. 


One super-frame will always carry an integer number of MPEG-2 packets, independently of transmission mode.


The frame structure is shown in figure 3.


Use of the DVB-T system for a different bandwidth


The DVB-T system is designed for 8 MHz UHF channels in Europe. 


The system may however be adapted to other bandwidths, and the adaptation to 7 MHz bandwidth is already given in the specification.


As shown earlier the emitted signal is determined by the elementary time element T (or system clock frequency = 1/T) and derivatives of this. 


The system clock frequency is 64/7 MHz for an 8 MHz wide channel. By changing this  frequency the carrier distance will change accordingly. 


All parameters of the system will be scaled in accordance with the system clock  frequency. The clock frequency for other bandwidths depends on the allowable bandwidth of the OFDM signal in a given channel raster. 


�


By changing only the system clock frequency, the characteristics of the emitted signal (except the bandwidth) and the frame structure will be maintained. It is therefore possible for example to use the same chip set for receivers independently of transmitted bandwidth.


For 7 MHz bandwidth the system clock frequency is specified to be 8 MHz. 


For 6 MHz bandwidth the system should use a system clock frequency of  13.5 MHz * 8192 / (858 * 19) (�(. 


By using this clock frequency in an NTSC environment the same properties are achieved as for 8 MHz channels in a PAL environment, namely that the carriers will coincide with the line spectrum of analogue TV and thereby minimise interference from analogue to digital TV. 





Conclusions


A system for digital terrestrial television has been specified to fulfill the various requirements in different countries. The testing of the system has been going on simultaneously with the work on the specification. A number of companies have built hardware that is fully compliant with the DVB-T specification and tests of interoperability between these systems have been successful.


Further detailed testing, in particular to obtain all the necessary planning parameters, is still ongoing.


Results from evaluation and testing of the DVB-T system can be found in (�( and (�(�
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Figure 1: DVB-T system, transmitting side


(Parts shown as dotted lines are used for hierarchical transmission)
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Figure 2: DVB-T system, receiving side





Figure 3: DVB-T frame structure
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