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1. Introduction

The work of RAN1 on the LTE-Advanced study item has resulted in a requirements specification [1] as approved in the latest version at the RP#40 meeting in Prague. To meet the ambitious requirements new technologies have been proposed and are under evaluation in RAN1. 
An important discussion targets the uplink transmission scheme for LTE-Advanced. The proposals span from keeping the SC-FDMA modulation system from LTE via the introduction of other DFT based variants of FDMA to the introduction of full-scale OFDMA. This contribution reviews the status of the discussion and provides further analysis including new simulation results. 
The remainder of this document is structured as follows. Section 2 reviews current status including recent results presented in RAN1. Section 3 establishes the evaluation criteria to be analysed further. Section 4 shortly summarises the uplink transmission schemes currently under evaluation in RAN1. Section 5 provides the analysis along the criteria established in Section 3 including a discussion of the tradeoffs of various uplink control schemes. Section 6 concludes the paper. 
2. Review of recent results
The uplink transmission scheme for LTE-Advanced has recently received considerable attention. A description of the schemes under investigation can be found in [5], it will be used for reference throughout this contribution. In [2] combinations of SC-FDMA and OFDMA are compared towards DFT-S-OFDM with the number of discontinuous resource block (RB) groups being adaptable on a per UE basis. Both systems yield an improvement compared to the existing SC-FDMA system in LTE with DFT-S-OFDM incorporating more flexibility. Also in [3] a hybrid system is studied. The emphasis is on optimising the potential of MIMO. So clustered DFT-Spread OFDM is proposed for single stream transmission, whereas OFDMA is the choice for multi-stream transmission. In [4] the introduction of NxSC-FDMA is favoured, whereas regarding the introduction of OFDMA the emphasis is on the still persisting PAPR problems and the lack of convincing gains under realistic SNR conditions. As already mentioned, [5] contains a full description of all schemes under investigation and contains an analysis with respect to the PAPR problem. [6] highlights the potential of introducing OFDMA. 
3. Comparison criteria

For the further evaluation, the crucial criteria are listed below. 
· PAPR
One of the important reasons for the introduction of SC-FDMA in LTE has been related to the good performance in power limited scenarios. When introducing other schemes, the loss in PAPR performance has to be quantified for a trade-off with the claimed advantages in other criterias.
· Complexity of receiver/ MIMO advanced receiver
The various schemes under discussion are not all best served by the same receiver concepts. So there are differences not only in concepts but also in related complexities. 
· Diverse/ flexible resource allocation
SC-FDMA doesn’t allow for distributed resource block allocation. All other schemes provide a gain with respect to the option of (more) frequency selective scheduling. This gain has to be quantified. 
· Flexible control and data multiplexing
The single carrier principle of SC-FDMA limits the introduction of flexible control and data multiplexing structures.
· Spectral efficiency
OFDMA has better performance compared to SC-FDMA. This gain has to be quantified for a trade-off. 
4. Uplink transmission schemes
The uplink transmission schemes under consideration are listed below. 
· SC-FDMA

· DFT-s-OFDM

· Nx SC-FDMA

· OFDMA
[5] contains a full description and discussion of the listed schemes. 
5. Comparison

5.1. PAPR/CM

The subject of PAPR has been extensively discussed during the specification of LTE and now again for the selection of the transmission scheme for LTE-Advanced. For a recent reference, see [5]. In this contribution, only the principal effects are recalled. 

The basic metric for judging the performance of the envisaged modulation systems with regard to PAPR is the cubic metric (CM). As it is well-known, the SC-FDMA modulation performs significantly better than the OFDMA system in power limited situations. The “intermediate” systems DFT-s-OFDMA and NxSC-FDMA are either closer to SC-FDMA or OFDMA depending where the related block/cluster length parameters positions them. In the case of MIMO transmission the distinction between SU-MIMO and MU-MIMO is also relevant. 
Although OFDMA has the worst performance with regard to PAPR, it has to be taken into account that for compatibility reasons part of the bandwidth will still be occupied by SC-FDMA. This mitigates the effect of the increased PAPR through the introduction of OFDMA. 
Moreover, the carrier aggregation concepts currently under discussion for LTE-Advanced foresee the distribution of the signals across multiple carriers. This conceptually implies an increase in PAPR, which puts the OFDMA imposed increase relatively into perspective. 
5.2. Receiver complexity

With regard to receiver complexity, it can be stated with regard to the introduction of OFDMA: 
· The DFT operation is removed. 
· For MIMO MLD implementation is reasonable und shows best performance, however introduces significant complexity. 
5.3. Resource allocation

With regard to resource allocation, some observations are listed below. 
· OFDMA features flexible resource allocation depending on the signalling, i.e. it allows frequency selective scheduling. 
In case of a hybrid usage of SC-FDMA and OFDMA, which will be necessary for compatibility reasons also in the case of no hybrid system defined, the following applies:
· In case of inefficient resource allocation for SC-FDMA user (gaps in the frequency band) OFDM user can fill this gaps (depending on the signalling).
· The scheduling of both SC-FDMA and OFDM users in one TTI introduces additional scheduler complexity. 
5.4. Flexible control and data multiplexing
Whereas in SC-FDMA PUCCH and PUSCH are never transmitted simultaneously, an OFDMA system allows the introduction of control schemes incorporating multiplexing of control information and data. 
5.5. Spectrum Efficiency

The most important features of the simulation efforts are described below. 

Each scheme is combined with its optimal detector as outlined below. 
· SC-FDMA with MMSE SIC

· OFDMA with MLD

The coding rates ½ and ¾ are used. Table 1 summarises the simulation parameters. 
	Parameter
	Value

	Bandwidth
	10MHz

	Number of occupied RBs
	10

	Channel model
	Vehicular A

	Speed
	30km/h

	Channel estimation
	Ideal

	Equaliser
	MMSE

	Modulation
	16QAM

	Coding rate
	½, ¾ 

	Number of turbo decoding iterations
	4


Table 1: Summary of simulation parameters
Figure 1 depicts the throughput as a function of SNR for both uplink access schemes with their respective best detectors for both code rates. The higher coding rates yield a higher gain for OFDMA. The gains are around 1dB for coding rate ½ at a operating point of 13dB and around 2dB for coding rate ¾ at an operating point of 15dB. 
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Figure 1: Throughput versus SNR for SC-FDMA versus OFDMA with respective best receivers
5.6. Discussion
With regard to the evidence provided in this contribution as well as in other papers, e.g. the ones cited in Section 2, the overall discussion may be summarised as depicted below. 
· OFDMA is more susceptible to PAPR

· OFDMA would allow for ML decoding, which performs better than the MMSE-SIC of SC-FDMA.

· ML decoding introduces significant complexity

· OFDMA allows for more flexible control structures, although the structures for SC-FDMA have to be kept anyhow for compatibility reasons.

· OFDMA allows for frequency diverse transmission, which simplifies interference mitigation and frequency selective scheduling.

· Hybrid OFDMA/SC-FDMA would allow backward compatible to Release 8 with all flexibility and performance benefit. 
· OFDMA operation has significant conceptual advantages with regard to co-operative schemes involving several base stations and/or relay nodes. 
6. Conclusion

The decision requires a careful trade-off between complexity and increased performance. The evidence provided up to now appears to be not sufficient for a final decision. Especially there are no extensive evaluations concerning the performance of the candidate uplink transmission schemes as part of system concepts involving co-operation between base stations. Also there is no analysis concerning relays. 

A final decision should be taken on the basis of further evaluations including analysis of co-operative system concepts and relays. 
References
[1] 3GPP TSG-RAN, TR 36.913, “Requirements for Further Advancements for E-UTRA (LTE-Advanced)”, Version 8.0.0, June 2008

[2] R1-083493, “Uplink Access Scheme for LTE-Advanced in BW=<20MHz”, NEC, 3GPP TSG RAN WG1#54bis, Prag, Czech Republic, September 29 – October 3, 2008
[3] R1-083682, “Views on UL Hybrid Radio Access Scheme in LTE-Advanced“, NTT DoCoMo, TSG RAN WG1#54bis, Prag, Czech Republic, September 29 – October 3, 2008
[4] R1-083732, “Comparison between SC-FDMA and OFDMA for LTE-Advanced Uplink”, Nokia, Nokia Siemens Networks, TSG RAN WG1#54bis, Prag, Czech Republic, September 29 – October 3, 2008
[5] R1-083658, “Uplink multiple access schemes for LTE-A”, LG Electronics, TSG RAN WG1#54bis, Prag, Czech Republic, September 29 – October 3, 2008
[6] R1-083812, “Studies of different waveforms for the UL of LTE-A”, Qualcomm Europe, TSG RAN WG1#54bis, Prag, Czech Republic, September 29 – October 3, 2008




































































































































3
3GPP TSG RAN WG1 #55
R1-084138
Prague, Czech Republic, November 10 – 14, 2008
Page 5 of 5

