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1 Introduction

This paper is provided for information and discussion to aid the study item within RAN1 considering the application of OFDM technology in UTRAN.

1.1 OFDM and its benefits 

The RAN1 study item considers the application of a multi-carrier radio interface based on OFDM technology within the UTRAN framework (i.e. using the same bandwidth, carrier frequency, logical channels, services, and architecture).  The OFDM technology offers the advantage of improved downlink system capacity, coverage and data rates for packet data services and it is also suitable for multi-media multi-cast broadcast services.  This will enable further value added services to be supported on state-of-the-art, mobile wireless radio systems.  The multi‑carrier technology also offers advantages of improved spectral efficiency and low-cost implementation.      
As mobile radio systems evolve and become integrated with our daily activities, there will be an increased requirement for additional system capacity.  The future success of the mobile communications revolution strongly depends on increasing the data rate available to the mobile user.  The development and use of multi-media and “rich” services
 will require increased user bit rates while maintaining high performance of uniform coverage.  The higher data rate may be considered for future scenarios including high‑speed download, electronic books and newspapers, Intranet access, image transfers and multi-media conferencing.  These rich services may provide services to individuals as well as multimedia broadcast services.

In the development of future radio systems, the choice of multi-carrier modulation is based upon the following features:

· Robust transmission in multipath radio channels due to elimination of inter-symbol interference (ISI) enabling higher bit-rates and improved system throughput with uniform coverage
;

· High flexibility in bandwidth allocation to users, supporting data rate and service adaptation;

· Simple, low cost implementation using the Fast Fourier Transform (FFT);

· Low complexity multiple access schemes with low overhead;

· High spectral efficiency due to a nearly rectangular spectrum occupancy;

· Finer data rate granularity achievable;
· Compatibility and easier with evolution to integration with MIMO;
These many advantages of OFDM have already been proven in standardized systems and demonstrators, and this is a strong motivation to build on this success in the design for an air interface for evolution of UMTS mobile radio systems. The research on OFDM based multiple access was just at its beginning when the decisions for the selection  of UMTS air interface were made and, thus, OFDM did not become part of the initial system designs for the downlink.  However, this situation has changed and now experience and research results are available and these may be applied to the evolution of radio systems for UTRAN.  

Recently, advances in integrated circuit technology have made the implementation of OFDM cost effective.  OFDM has become the basis of standards for wide area network deployments including the Digital Audio Broadcast (DAB) and Digital Video Broadcast (DVB) systems.  A number of wireless local area network standards also employ OFDM technology including IEEE 802.11a, ETSI HIPERLAN/2, NMAC and the recently developed Wireless Metropolitan Area Network (WMAN) standard IEEE 802.16.  In these standards, the OFDM has proven itself well suited to the provision of high bit rate multimedia services in a mobile propagation environment.  

1.2 Fundamentals of OFDM

The technique of Orthogonal Frequency Division Multiplexing (OFDM) is based on the well‑known technique of Frequency Division Multiplexing (FDM).  In FDM different streams of information are carried in separate frequency channels.  Each FDM channel is separated from the others by a guard‑band to reduce interference between channels.  However, this guard band does not entirely eliminate the interference and it also reduces the spectral efficiency of the system.  The FDM technique is thus not well suited for (very) large numbers of frequency channels.  

The OFDM technique differs from traditional FDM in the following interrelated ways:  

1. multiple carriers (called sub-carriers) carry the information stream, 

2. the transmission symbol time on each sub-carrier is typically long in relation to the delay spread of the radio transmission channel, 

3. the sub-carriers are orthogonal to each other, and

4. a cyclic extension is added to each symbol to mask the delay spread.  

In the OFDM technique, the user’s data stream is split into multiple parallel channels and carried on multiple sub-carriers in order to allow an increase the symbol time.  This increase may be as much as a factor equivalent to the number of sub‑carriers. The use of the cyclic extension to eliminate the effects of inter-symbol interference assures the ability of OFDM systems to achieve high bit rates and high system throughput in mobile channels.  As the OFDM transmitted signal is designed to accommodate the multipath channel, there is no need for the receiver to estimate or to track the changing mobile channel conditions.  The mobile receiver design is thus simplified.   Extending the symbol time through the use of multiple parallel sub-carriers contributes to the ability of OFDM systems to achieve high bit rates, uniform coverage and high system throughput. 

2 Benefits of OFDM

2.1 Intersymbol Interference resistance 

The OFDM technique provides superior performance in multi-path channels.  In a wireless transmission, a signal usually arrives to the receiver via multiple paths. This is due to the reflection of the signal by different objects such as buildings, trees or vehicles. As the reflected signals usually follow different paths, they arrive at the receiver with different phases and may add up constructively or destructively. This results in significant fluctuations in the received signal level. Time dispersion represents distortion to the signal and is caused by the spreading in time of the modulation symbols. This occurs when the channel is band limited or more precisely when the coherence bandwidth of the channel is smaller than the modulation bandwidth. Time dispersion results in the energy from one symbol spilling over another symbol. This Inter-Symbol Interference (ISI) degrades the quality of the communication link. Frequency selective fading occurs when the fading affects different portions of the channel bandwidth differently.  Frequency selective fading occurs when the channel is time dispersive and when the delay spread is larger than the symbol period.  When the delay spread is less than the symbol period, fading is flat.

For a given channel bandwidth, the symbol rate for an OFDM signal is chosen to be much lower than the coherence bandwidth of the channel.  In OFDM the channel is divided into N sub-carriers (hundreds) resulting in a symbol rate that is N times smaller than the serial symbol rate. This low symbol rate makes OFDM naturally resistant to ISI effects.  By transferring a large portion of the signal processing complexity to the transmitter, OFDM systems allow the use of high order modulations with less receiver complexity, which result in higher data rates and higher system throughput.

2.2 MIMO-OFDM

OFDM is ideally suited to the application of Multiple Input – Multiple Output (MIMO) antenna systems.  The OFDM technique decomposes the signals into the frequency domain where the signals are confined to narrow band channels.  In this domain, flat fading conditions can be approached for each sub-carrier, and symbol detection can thus be more easily applied on a sub-carrier basis.  For wideband single carrier signals (CDMA) in a dispersive channel, these processes become complex, as different spectral components require the application of different weight sets.  For OFDM, the solution is reduced to the simple flat fading case, as each sub-carrier or sub-band may be treated individually with respect to MIMO.  Overall, OFDM is ideally matched to MIMO operation in a dispersive environment, by effectively dividing the channel into a set of flat, narrowband channels.

2.3 OFDMA

OFDM is also effective as a multiple access scheme.  A sub-carrier, or a group of sub‑carriers, can be assigned to different users.  This allows multiple users to share the available bandwidth.  This technique is called Orthogonal Frequency Division Multiple Access (OFDMA).  In OFDMA, a physical channel may be formed by a group of sub-carriers.  The MAC layer controls the number of sub-carriers assigned to each physical channel for each user based on the user demand and the contracted QoS.    

In a frequency selective fading channel, different groups of sub-carriers (forming a sub-band) can go through different fades.  A particular sub-band (group of sub-carriers) can be faded for one user but not for others.  By assigning “good” sub-bands to appropriate users at the appropriate times, considerable multi-user diversity gain can be realised.  

Another inherent advantage of OFDMA is its fine granularity. By partitioning the system resources in both the time and frequency domains, OFDMA can easily offer transmission data rates ranging from multi-Kbps to multi-Mbps.  A wide range of services can thus be accommodated without loss of efficiency.  Assigning all the sub-carriers to a single user, for example, results in a very high data rate while assigning a few sub-carriers may be used to send essential control information.  

2.4 Interference Averaging

Assigning a group of sub-carriers to a user knowing the channel response as mentioned previously, increases the system throughput as fades on particular sub-bands can be avoided.  Assigning a sub-band to a particular user without knowing the channel response, however, makes the signal more susceptible to frequency selective fading.  In contrast, using all the available bandwidth (i.e. a wideband signal) provides a form of frequency diversity where only a small part of the overall bandwidth is likely to experience a fade at a given time.  

CDMA achieves such diversity by spreading the signal over the total available bandwidth.  Hence, CDMA systems are usually considered spread spectrum.  The spreading of the signal by the spreading codes mitigates the effects of multipath fading and allows a frequency reuse of one were the total bandwidth is used in each cell.  

In OFDM, using the entire bandwidth for a users’ signal can be achieved also by using frequency hopping.  Hopping is easily performed by changing the sub-carriers assigned to a user according to a pre-arranged pseudo-random pattern.  These frequency hopping techniques average interference by minimizing the time a user and an interferer occupy the same sub-carriers. Hence, OFDM can combine the advantages of narrow band systems (flat fading) and the advantages of wideband systems like CDMA (interference averaging) and this contributes to the high throughput of OFDM systems.

In a multi-cell environment, when some sub-carriers are not used for transmission, frequency hopping reduces the interference caused by emissions in other cells.

2.5 Efficient use of spectrum

Because the OFDM emission is composed of a large number of narrow-band sub-carriers, the emissions into adjacent channels can be easily adjusted.  A guard band that may be needed between adjacent channels for different users of the spectrum can be created by selecting the number of sub-carriers in the OFDM system.  It is not necessary to apply specialised filtering or shaping of the modulation to set the response in the adjacent channel.  In addition, if the adjacent spectrum channel is also using OFDM, the orthogonality of the sub-carriers may be extended between channels and no guard band is required.  This provides a significant improvement in spectrum efficiency for systems using multiple channels.  
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�  In this context “rich” services may be considered those in which the user’s interaction with another user, or a service node, is enriched to include multiple streams for aspects such as voice, imaging, browsing and shared database interaction. 


�  Here, by uniform coverage, we mean uniform availability of the guaranteed data rate across the coverage region. 
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