TSG-RAN WG1 #42
R1-050765
London, UK, August 29–September 2, 2005

Source:
Ericsson

Title:
Some aspects of single-carrier transmission for E-UTRA

Agenda Item:
10.3

Document for:
Discussion and Decision


1. Introduction

Single-carrier transmission combined with FDMA with dynamic bandwidth allocation has emerged as a main candidate for the evolved UTRA uplink transmission scheme see e.g. [1]. The main reason for the preference for single-carrier transmission is the lower peak-to-average power ratio (PAPR) and the corresponding improved power-amplifier efficiency and improved coverage, compared to multi-carrier transmission. This paper discusses some aspects of single-carrier transmission, including localized vs. distributed single-carrier transmission, time-domain vs. frequency-domain generation, pulse/spectrum shaping vs. PAPR, and PAPR-reducing modulation.

2. Localized vs. distributed single-carrier

As should be clear from several papers submitted to 3GPP, e.g., [2] and [3], a single-carrier signal can be either “localized” or “distributed”, see also Figure 1.

As can be seen from the left-hand part of Figure 1, localized single-carrier transmission is characterized by the transmitted signal having a continuous spectrum that occupies a part of the total available spectrum. Different symbol rates of the transmitted signal, typically corresponding to different data rates, imply different bandwidths of the localized single-carrier signal (compare the upper blue part of Figure 1, corresponding to a lower symbol rate, with the lower red part, corresponding to a higher symbol rate). 

On the other hand, as can be seen from the right-hand part of Figure 1, distributed single-carrier transmission is characterized by the transmitted signal having a non-continuous (“comb-shaped”) spectrum that is distributed over the entire available spectrum
. Note that, although the distributed single-carrier signal is distributed over the entire system bandwidth, the total amount of occupied spectrum is, in essence, the same as that of localized single-carrier. Furthermore, for a higher (lower) symbol rate, the number of “comb-fingers” is increased (reduced), while the “bandwidth” of each “comb finger” remains the same.
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Figure 1: Spectrum structure for localized an distributed single-carrier signals

A benefit of distributed single-carrier transmission, compared to localized transmission, is the additional frequency diversity associated with the transmission over a wider overall bandwidth. On the other hand, distributed transmission is more sensitive to frequency errors and high Doppler in case of frequency multiplexing of different users on the uplink. As the benefit of the additional frequency diversity may be different in different scenarios, we believe one should consider the support for both localized and distributed transmission, assuming this could be supported within a single transmission scheme.

3. Generation of single-carrier signals

Both localized and distributed single-carrier signals can be generated in either the time domain or the frequency domain. 

3.1. Time-domain generation 

Figure 2 illustrates time-domain generation of a single-carrier signal. The left part of the figure illustrates straightforward time-domain generation of a localized single-carrier signal. The generation is block-wise, where a cyclic prefix is appended to a block of M modulation symbols (QPSK, 16QAM, or what-ever). Similar to OFDM transmission, the reason for appending a cyclic prefix in case of single-carrier transmission is to make the linear convolution of the radio channel (including any time-domain filtering at the transmitter and/or the receiver) appear as a circular convolution after cyclic-prefix removal at the receiver side. This facilitates the use of relatively simple frequency-domain equalization (FDE) at the receiver. 

Pulse-shaping is then applied. Note that the bandwidth of the localized single-carrier transmission, and thus the bandwidth of the pulse-shaping filter, depends on the symbol rate. Exactly what roll-off to use for the pulse shaping is a trade-off between spectral efficiency and PAPR of the transmitted single-carrier signal, see further Section 4.1. 

The right-hand part of Figure 2 illustrates time-domain generation of a distributed single-carrier signal. In this case, the block of M modulation symbols is first repeated L times (block-wise repetition). This creates a ”comb-shaped” spectrum in the frequency domain. A user-specific rotation is then applied to move the ”comb” to its specific frequency shift and thus to allow for FDMA of multiple users. Cyclic prefix insertion and pulse-shaping is then applied, similar to localized-single-carrier. Note that, in the case of distributed single-carrier transmission, the pulse-shaping filter should have a bandwidth corresponding to the overall transmission bandwidth, i.e. L times larger than for a corresponding localized single-carrier signal. 
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Figure 2: Time-domain generation of single-carrier signals (localized and distributed)

The generation of a distributed single-carrier signal according to the right-hand part of Figure 2 is sometimes referred to as Interleaved FDMA (IFDMA), see e.g. [4]
. It is also, in all relevant aspects, equivalent to VSCRF-CDMA as described in e.g. [5]. VSCRF-CDMA assumes a direct-sequence spreading to take place before the block repetition, i.e. the symbols at the input of the block repetition are ”chips” rather than modulation symbols. However, as spreading is, in all practical senses, equivalent to repetition coding, VSCRF-CDMA can simply be seen as channel coding + IFDMA.

3.2. Frequency-domain generation

Single-carrier signals can also be generated in the frequency domain, see Figure 3. For both localized and distributed single-carrier, a size-M DFT is first applied to the block of M modulation symbols. This transforms the modulation symbols into the frequency domain.

L-1 zeros are then inserted between each frequency sample where the special case of L=1 (mapping to consecutive frequency samples) corresponds to localized single-carrier transmission and L>1 corresponds to distributed single carrier. 

For both localized and distributed single-carrier transmission, frequency-domain spectrum shaping may be applied before the signal is transformed back to the time-domain by means of an inverse Fast Fourier transform (IFFT). Similar to time-domain pulse shaping, spectrum shaping can be used to trade-off spectrum efficiency vs. PAPR. Note that the spectrum shaping of Figure 3 includes a bandwidth expansion as a roll-off larger than zero implies a signal bandwidth larger than the symbol rate. In practice this is achieved by cyclically extending the frequency-domain signal before applying spectrum shaping. This corresponds to the required up-sampling needed as part of time-domain pulse shaping.
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Figure 3: Frequency-domain generation of single-carrier signals

At the receiver side, similar but inverse processing to that of Figure 3 will take place, i.e. a size-N FFT followed by a size-M inverse DFT. It is then obvious that the end result, corresponding to the block of M modulation symbols, will be distorted unless the channel is non-frequency-selective over all the frequency samples to which the DFT output of Figure 3 is mapped. If the channel is frequency selective over this range of frequency samples, equalization, typically by means of a frequency-domain equalizer, may be needed to restore the signal. 

Single-carrier transmission according to Figure 3 is sometimes referred to as DFT-spread OFDM or DFTS-OFDM.

Time-domain and frequency domain generation of single-carrier signals as described above lead to similar types of signals. However, there are certain differences that make the question about time-domain vs. frequency-domain generation not only an implementation issue:

· In case of time-domain generation (Figure 2), pulse-shaping is applied after cyclic-prefix insertion while, in case of frequency-domain generation (Figure 3), spectrum shaping is applied before cyclic-prefix insertion. As a consequence, frequency-domain generation allows for more freedom in the selection of pulse/spectrum shaping, i.e. in practice more freedom in the trade-off spectrum efficiency vs PAR, see further below.

· From a parameter point-of-view, certain transmission parameters are more suitable for time-domain and frequency-domain generation respectively. This can be illustrated from the parameters selected for the evaluation phase [6]. Of these parameters, the first parameter set (Table 9.1.1-1 of [6]) is matched to time-domain generation while the second parameter set (Table 9.1.1-2) is matched to frequency-domain generation, i.e. DFTS-OFDM. 

For these reasons and for the higher parameter commonality with a downlink OFDM-based transmission scheme, we prefer the frequency-domain approach to single-carrier transmission. We also believe that this approach more straightforwardly allows for both localized and distributed transmission within the same transmission scheme, see Figure 3.

4. Further PAPR reduction

4.1. Pulse/spectrum-shaping – PAR vs. spectrum efficiency

As should be clear from above, pulse/spectrum shaping can be applied to a single-carrier signal regardless of whether the signal is generated in the time domain or in the frequency domain. 

In general, there is a trade-off between the amount of pulse/spectrum shaping  (roll-off) and the PAPR of the transmitted signal

Larger roll-off ( 
Lower PAPR at the expense of reduced spectral efficiency (larger guard bands needed)

Smaller roll-off ( 
Improved spectral efficiency (less guardbands needed) at the expense of increased PAPR

Thus, when considering what roll-off to assume for a single-carrier-based E-UTRA uplink, one needs to consider whether the uplink is typically bandwidth limited or power limited. Or, somewhat differently expressed, one needs to consider if focus for the E-UTRA uplink should be to maximize the peak data rates or to optimize for coverage.

4.2. PAR-reduced modulation

To further reduce the PAPR, different modulation techniques can be used in combination with single-carrier transmission. These methods are independent of exactly what scheme is used for single-carrier transmission. One straightforward technique is (/4-shifted QAM, where a (/4 phase shift is applied to every second modulation symbol. Other techniques to reduce PAR could also be considered, such as staggered QAM modulation. However, the impact on implementation is larger compared to (/4-shifted QAM.

The PAR (99.9 percentile) and cubic metric for DFTS-OFDM with different spectrum shaping (roll-off 
( = 0, 0.15, 0.22, and 0.3) and for QPSK and (/4-QPSK modulation are shown in Figure 4 and Figure 5 respectively. As a reference, the PAR and cubic metric of OFDM is also shown in the figures. 

· As expected, applying spectrum shaping reduces both PAR and cubic metric.

· (/4-QPSK modulation gives a small reduction in PAR but has no noticeable impact on the cubic metric. 
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Figure 4:  PAR (99.9 percentile) for different roll-off
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Figure 5: Cubic metric for different roll-off

5. Conclusions

Based on the above discussion, the following conclusions are made:

· We prefer the frequency-domain approach to single carrier transmission. 

· We believe support for both localized and distributed transmission should be considered, assuming this can be done within a single transmission scheme (which we believe is the case)

· Frequency-domain spectrum shaping should be considered as a means to trade-off spectrum efficiency vs. further PAR reduction

· PAR-reducing modulation schemes should be considered.
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� In the general case, the signal could be distributed over a part of the available spectrum. 


� Note that, in [2], also the localized single-carrier signal (left-side of � REF _Ref106895200 \h ��Figure 2�) is referred to as (degenerate) IFDMA. Thus, in [2], the term IFDMA is used for time-domain generated single-carrier signals in general.
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