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Introduction

In the following, we propose a text input for Section 3 and Section 4 of the OFDM Feasibility Study report [1].

3
Definitions, Symbols and Abbreviations

3.1
Definitions

For the purpose of this document, the definitions in 3GPP TR 21.905 as well as the following definitions apply.

Guard interval / Guard time / Prefix: A number of samples inserted in the beginning of each useful OFDM symbol, in order to combat the channel time dispersive induced inter-OFDM-symbol-interference and to assist receiver  synchronization.

Inter-carrier frequency / Sub-carrier separation: The frequency separation between OFDM sub-carriers, defined as the OFDM sampling frequency divided by the FFT size.

OFDM frequency guard bands: The frequency bands corresponding to the number of un-used sub-carriers at either boundaries of the OFDM symbol,

OFDM sampling frequency: The total number of samples, including prefix samples, transmitted during one OFDM symbol interval, divided by the symbol period.

Prefix: See Guard interval.

Sub-carrier: The frequency over which the low data rate information is modulated; it also often refers to the related modulated carrier.
Sub-carrier separation: See Inter-carrier frequency.
Useful OFDM symbol: The time domain signal corresponding to the IFFT/FFT window, excluding the guard time.

Useful OFDM symbol duration: The time duration of the useful OFDM symbol.

3.2
Symbols

Fo

OFDM sampling frequency.

fd

Maximum Doppler shift.

N

Total number of IFFT/FFT bins (sub-carriers).

Np

Number of prefix samples.

Nu

Number of modulated sub-carriers (i.e. sub-carriers carrying information).

Ts

OFDM symbol period.

f

Sub-carrier separation.



Channel total delay spread.

3.3
Abbreviations

For the purpose of the present document, the following abbreviations apply:

FDM

Frequency Division Multiplexing

FFT

Fast Fourier Transform

IFFT

Inverse Fast Fourier Transform

ISI

Inter-Symbol Interference

MIMO

Multiple-Input Multiple-Output

OFDM

Orthogonal Frequency Division Multiplexing

PAPR

Peak-to-Average Power Ratio

PSK

Phase Shift Keying

QAM

Quadrature Amplitude Modulation

4
OFDM Technology





4.1 OFDM fundamentals

4.1.1
OFDM Definition

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 mapped onto  separate parallel frequency channels. Each FDM channel is separated from the others by a frequency guard band to reduce interference between adjacent 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 sub-carriers are orthogonal to each other, and

3. a prefix (guard time) is added to each symbol to combat  the channel delay spread.

These concepts are illustrated in the time-frequency representation of OFDM presented in Figure 1.
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Figure 1: Frequency-Time Representation of an OFDM Signal

Since the orthogonality is guaranteed between overlapping sub-carriers and between consecutive OFDM symbols in the presence of time/frequency dispersive channels the data symbol density in the time-frequency plane can be maximized.

4.1.2
Conceptual OFDM Signal Generation

Data symbols are synchronously and independently transmitted over a high number of closely spaced orthogonal sub-carriers using linear modulation (either PSK or QAM). The generation of the OFDM signal can be conceptually illustrated as in Figure 2,
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Figure 2: Conceptual Representation of OFDM Symbol Generation

where (n is the nth sub-carrier frequency (in rad/s) and 1/Ts is the QAM symbol rate. Note that the sub-carriers are equally spaced, and hence the sub-carrier separation is constant. That is:
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4.1.3
Practical OFDM Signal Generation Using IFFT Processing

In practice, the OFDM signal can be generated using low-complexity IFFT digital signal processing. The baseband representation of the OFDM signal generation using an N-point IFFT is illustrated in Figure 3, where a(mN+n) refers to the nth sub-channel modulated data symbol, during the time period mTs < t ( (m+1)Ts.
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Figure 3: OFDM Useful Symbol Generation Using an IFFT
The vector sm is defined as the useful OFDM symbol. Note that the vector sm is in fact the time superposition of the N narrowband modulated sub-carriers.

It is therefore easy to realize that, from a parallel stream of N sources of data, each one modulated with QAM symbol period Ts, a waveform composed of N orthogonal sub-carriers is obtained, with each narrowband sub-carrier having the shape of a frequency sinc function (see Figure 1). Figure 4 illustrates the mapping from a serial stream of QAM symbols to N parallel streams, used as frequency domain bins for the IFFT. The N-point time domain blocks obtained from the IFFT are then serialized to create a time domain signal.
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Figure 4: OFDM Signal Generation Chain
4.1.4
Guard Interval

A guard interval is added prior to each useful OFDM symbol. This guard time is introduced to minimize the inter-OFDM-symbol-interference power caused by time-dispersive channels. The number of prefix samples Np must hence be sufficient to cover the most of the delay-spread energy of a radio channel impulse response. In addition, such a guard time interval can be used to allow soft-handover.

This prefix is generated using the last block of samples from the useful OFDM symbol. The prefix insertion operation is illustrated in Figure 5. Note that since the prefix is a cyclic extension to the OFDM symbol, it is often termed cyclic prefix.
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Figure 5: Cyclic Prefix Insertion

In order to insert the prefix within one symbol period Ts, the OFDM sampling frequency Fo has to be set to:
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Hence, the sub-carrier separation becomes:
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It is also worth noting that time-windowing and/or filtering is necessary to reduce the transmitted out-of-band power produced by the ramp-down and ramp-up at the OFDM symbol boundaries in order to meet the spectral mask requirement specified in TS 25.141.

4.1.5 Impact of Guard Interval

The cyclic prefix should minimize most of the signal energy dispersed by the multi-path channel. The entire the inter-OFDM-symbol-interference energy is contained within the prefix if the prefix length is greater than that of the channel total delay spread, i.e.
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where  is the channel total delay spread. In general, it is sufficient to have most of the energy spread absorbed by the guard interval, given the inherent robustness of large OFDM symbols to time dispersion, as detailed in the next section.

4.1.6
Impact of Symbol Duration

The mapping of the modulated data symbol onto multiple sub-carriers also allows an increase in the symbol duration. Since the throughput on each sub-carrier is greatly reduced, the symbol duration obtained through an OFDM scheme is much larger than that of a single carrier modulation technique with a similar overall transmission bandwidth. This makes the OFDM signal inherently more resistant to time dispersion than single carrier schemes, even in cases where the channel delay spread is long enough to exceed the guard time. In general, the energy contained in the ISI will be much smaller with respect to the useful OFDM symbol energy, as long as the symbol duration is much larger than the channel delay spread, that is:
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Although large OFDM symbol duration is desirable to combat time-dispersion caused ISI, however, the large OFDM symbol duration can reduce the ability to combat the fast temporal fading, specially,  if the symbol period is large compared to the channel coherence time, then the channel can no longer be considered as constant through the OFDM symbol, therefore will introduce the inter-sub-carrier orthogonality loss This can affect the performance in fast fading conditions. Hence, the symbol duration should be kept smaller than the minimum channel coherence time. Since the channel coherence time is inversely proportional to the maximum Doppler shift fd, the symbol duration Ts must, in general, be chosen such that:
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4.1.7
Impact of Inter-Carrier Spacing

The large number of OFDM sub-carriers makes the bandwidth of the individual sub-carriers small relative to the overall signal bandwidth. With an adequate number of sub-carriers, the inter-carrier spacing is much narrower than the channel coherence bandwidth. Since the channel coherence bandwidth is inversely proportional to the channel delay spread , the sub-carrier separation is generally designed such that:
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In this case, the fading on each sub-carrier is frequency flat and can be modelled as a constant complex channel gain. The individual reception of the QAM symbols transmitted on each sub-carrier is therefore simplified to the case of a flat-fading channel. This enables a straightforward introduction of advanced MIMO schemes.

Moreover, in order to combat Doppler effects, the inter-carrier spacing should be much larger than the maximum Doppler shift fd.
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4.1.8
OFDM Frequency Guard Bands

Since the OFDM sampling frequency is larger than the actual signal bandwidth, only a sub-set of sub-carriers is used to carry QAM symbols. The remaining sub-carriers are left null prior to the IFFT, creating guard bands between adjacent channels in the OFDM spectrum, as illustrated in Figure 6.
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Figure 6: OFDM Spectrum with OFDM Guard Bands

The Nu mdulated sub-carriers (i.e. carrying information), are centered in the N FFT bins, with the remaining null sub-carriers, on either side of the mdulated sub-carriers, forming the upper and lower frequency guard bands.

4.1.9
Time-Frequency Multiplexing

Multiple users can be multiplexed, both in time and in frequency, with pilot and signalling information. In the frequency dimension (i.e. the sub-carrier dimension), users data symbol can be multiplexed on different numbers of useful sub-carriers. In addition, sub-carriers or group of sub-carriers can be reserved to transmit pilot, signaling or other kind of symbols. Multiplexing can also be performed in the time dimension, as long as it occurs at the OFDM symbol rate or at a multiple of the symbol rate (i.e. from one IFFT computation to the other, every k*Ts seconds). The modulation scheme (modulation level) used for each sub-carrier can also be changed at the corresponding rate, keeping the computational simplicity of the FFT-based implementation.  This allows true 2-dimensional multiplexing, of the form shown in Figure 7.
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Figure 7: Example of OFDM 2-D structure; P = pilot or signaling, D = data. The subscript indicates the modulation level M=2,4 or 6 (QPSK, 16QAM or 64QAM).

4.1.10
OFDM Signal Reception Using the FFT

At the receiver, a computationally efficient Fast Fourier Transform (FFT) is used to demodulate the multi-carrier information and to recover the transmitted data.  This then enables OFDM to employ relatively simple and low cost channel equalisation techniques, compared with conventional time domain high-speed equalisers, which would be required to enhance performance in time dispersive channels for traditional single carrier modulation schemes. This may provide a better performance/complexity trade-off, compared to single carrier modulation schemes.
4.2
OFDM for mobile systems

OFDM has intrinsic features that are generally acknowledged to be well suited to the mobile radio environment. The following channel, signal or receiver characteristics are worth noting:

· Time dispersion

The use of several parallel sub-carriers in OFDM enables longer symbol duration, which makes the signal inherently robust to time dispersion. Furthermore, a guard time may be added to combat further the ISI.

· Spectral Efficiency

OFDM is based on orthogonal carriers allowing much tighter frequency separation than with conventional FDM schemes, and hence, higher spectral efficiency. The resulting spectrum also has good roll-off properties, given that cross-symbol discontinuities can be handled through time windowing alone, filtering alone, or through a combination of the two techniques.

· Reception

Even in relatively large time dispersion scenarios, the reception of an OFDM signal requires only a simple low-cost FFT implementation in the UE. No sophisticated intra-cell interference cancellation scheme is required. Furthermore, because of its long period duration, OFDM is relatively insensitive to timing acquisition errors.

· Extension to MIMO

Since the OFDM sub-carriers are constructed as parallel narrow band channels, the fading process experienced by each sub-carrier is frequency flat, and therefore, can be modeled as a constant complex gain. This simplifies the introduction of MIMO schemes.

4.3
Reference System Scenario


In the Section, an initial reference system configuration is proposed to evaluate an OFDM downlink. The reference architecture is generic, and is compatible with the current 3GPP Rel 5 configuration. In the proposed configuration, new data services are provided through the use of a separate 5 MHz downlink carrier, supporting the OFDM HS-DSCH transmission. The reference architecture is shown in Figure 8.
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Figure 8: Network deployment for the OFDM HS-DSCH transmission
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The separate OFDM DL carrier is operated using HSDPA features, such as link adaptation and HARQ. At this stage, it is assumed that network access is performed through the WCDMA architecture, and handover to the high bit rate OFDM carrier occurs, when needed, for high rate interactive background and streaming data services. In this case, a UE with OFDM HS-DSCH receiving capabilities would also have WCDMA receiving capabilities. In the first stage, the WCDMA link would be used to achieve the initial network access. However, when there is a requirement for high bit rate traffic, the HS-DSCH mode may be initiated, using either the WCDMA DL carrier (Rel 5 HSDPA) or the separate OFDM DL carrier. 

Based on this initial reference scenario, a UE with OFDM HS-DSCH receiving capabilities is not required to receive the WCDMA and OFDM carriers simultaneously. This implies that, if there is a need for real time services, such as voice communications supported only on the WCDMA carrier, the UE would use the WCDMA mode. Note however that if OFDM proves to be useful in the HS-DSCH scenario, other services could also be mapped to the OFDM downlink in future work. In the proposed configuration, the current UMTS uplink carrier is reused and is considered to have sufficient capacity to support either a Rel 5 WCDMA DL carrier, or the separate OFDM DL carrier. There is no special assumption about the separate carrier frequency. 
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