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1. Introduction

This contribution discusses issues and provides our views related to uplink access schemes for LTE-Advanced.  Both non-aggregated and aggregated spectrum scenarios are treated. Uplink access scheme should be selected based on the following philosophy – (1) satisfies LTE-A requirements, (2) provides superior link and system performance including support for uplink SU-MIMO and advanced receivers and (3) provides backward compatibility and allow quick and seamless transition to LTE-Advanced.  Based on these criteria, it is recommended to consider adding a single scheme as an optional uplink access scheme to be supported by LTE-A for both aggregated and non-aggregated scenarios. 
2. Non-aggregated Scenario: SC-FDMA and OFDMA 

It is well recognized that the CM advantage of SC-FDMA is critical for cell-edge coverage where a UE likely transmits at its maximal power using the smallest modulation order (i.e. QPSK). After factoring in the difference in demodulation performance, the CM advantage translates into a coverage gain. Coverage is defined conventionally as the maximal cell area where a certain minimum cell-edge user throughput can be obtained. It is ultimately determined by the link performance (e.g., FER versus SINR performance). At a given link condition (e.g., SINR), link performance determines the achievable user throughput. So in order to attain the set target throughput, the edge-most UE decides the coverage.     

For a comparison study, we propose to focus on uplink performance evaluation for PUSCH under both noise- and interference-limited scenarios:

· Noise-limited: Difference in CM and link performance determines the required SNR to achieve a certain target FER for a given transport block size.
· Interference-limited: This scenario is interesting to investigate because increased transmit power due to lower CM often translates into little SINR gain if any. We could consider in this case, 1 or 2 synchronized interfering UE’s with powers defined by desired UL SINR.

Many factors affect the link performance as listed below:

· Transmission mode: SU-SIMO has been the default mandatory UL scheme in LTE Release 8 while MU operation is also supported in SC-FDMA. LTE-advanced will also consider SU-MIMO (spatial multiplexing) in UL.  For the purpose of assessing the broader aspects of UL transmission construction in LTE-A, we suggest to initially focus on the following modes:
· SIMO
· UL-SU-MIMO: Rank-2 spatial multiplexing (open-loop)
· UL-MU-MIMO: Rank-1 per UE for 2 UE’s
· Receiver scheme corresponding to different transmission modes:
· UL-SIMO: Default SC-FDMA (MMSE), OFDM (MRC)
· UL-SU-MIMO and UL-MU-MIMO: SC-FDMA (MMSE and/or advanced receivers), OFDM (MMSE or ML)
· Resource block and transport block formatting:

· SC-FDMA: Rel-8 style contiguous RBs with and without intra and/or inter subframe hopping. The allocation size in number of RBs (multiple of 2, 3, and/or 5) affects the level of frequency diversity that the transport block can exploit given the current UL RB definition of consecutive subcarriers.

· OFDM: Determined on a per proposal basis, where each proposal should specify how to support a mixture of SC-FDMA and OFDM allocations across the UE population.

· RS design:

· SC-FDMA: Rel-8 RS sequences with RS symbol located in the middle of the slot. 

· OFDM: RS location and pattern determined per proposal. RS boosting could be considered relative to data subcarriers, but subject to the same total transmission power.

· Comparison should be made under the same RS overhead. For example, SC-FDMA has a UL pilot overhead of 1/7 (e.g., 12 RS and 72 data subcarriers in each RB) in both SU and MU operation with up to 8 cyclic shift values per cell.

· Receiver channel estimation:

· A well-known practical channel estimator (e.g., MMSE) should be assumed.

· Channel types: To facilitate comparison of simulation results, the channel-related parameter (e.g., Ped-B, Veh-A, TU) should be defined and agreed upon. 

When compared to SC-FDMA, OFDMA may be more suitable in certain scenarios subject to power de-rating considerations.  OFDMA can provide some advantages, especially from the perspective of link performance and receiver complexity to support UL SU-MIMO, an enhancement expected for LTE-A (similar observations are reported in [8] –
· SU-MIMO performance and receiver complexity: OFDM can support SU-MIMO with a simple receiver implementation and specification support similar as in downlink.  In addition, performance of SU-MIMO with OFDM is expected to be significantly better than with SC-FDMA.  Additional discussion on uplink multiple antenna schemes may be found in [10].
· Maximum-likelihood detector: OFDM allows for the use of maximum-likelihood detection which can provide significant advantage than LMMSE or SIC available to SC-FDMA.  This is especially important when SU-MIMO is considered and can allow improvement in spectral efficiency simply through receiver design.
Based on the above discussion, it is seen that 
· OFDMA has the potential to provide link and system level gain compared to SC-FDMA, especially in terms of a better support of higher order UL-MIMO operations in LTE-A
· The support of optional OFDMA scheme could incur minimal implementation burden if carefully designed, and thus allowing quick and seamless migration to LTE-A   
Recommendation: Focus on the details of specification impact due to the addition of OFDMA as an optional uplink access scheme in LTE-A in non-aggregated carriers.  

The impact of additional OFDMA support will be potentially reflected as below:
· As an allowable mode for PUSCH, a complete definition of resource mapping and sub-channelization (e.g., localized and virtual RB), the associated pilot pattern for both rank-1 and rank>1 SU-MIMO and MU-MIMO (position, boosting, etc.). 

· Sharing of PUSCH resources among SC-FDMA and OFDMA UEs 
· Impact on other UL channels (PUCCH) and UE behaviors: As opposed to PUSCH, UL control channel design (i.e., PUCCH, RACH) can be impacted much more significantly by any incorporation of OFDM transmission components. Priority in UL control channel design has been given to robustness to adverse link conditions such as low SNR or high interference, rather than spectral efficiency. Difference in UL link performance of control channels needs to be carefully examined after weighing in the system complexity.

3. Aggregated-spectrum Scenario: 
In the LTE-Advanced uplink, it will not be possible to maintain single-carrier transmission for transmission bandwidth larger than 20 MHz (In fact, this is true even if carrier aggregation is not used due to the presence of control channels at the band-edge as discussed in [4]).  Also, since cell-edge and low to medium data-rate users will likely transmit only on one component carrier using DFT-S-OFDMA, the uplink multiple access design for LTE-Advanced should be optimized for high data-rate users.  In the uplink, selection of the access scheme is closely related to the chosen data aggregation method and must be considered jointly. Several schemes have been discussed, including –

· N×SC-FDMA [4]: In this scheme, the data packet is segmented into several segments or codewords.  Each segment undergoes separate DFT precoding and then mapped into respective component carrier.  This is equivalent to using N parallel SC-FDMA transmitters which allows for per carrier AMC and HARQ. Disadvantages of this method include additional control overhead since individual control signalling per carrier may be required and additional segmentation overhead (although this is expected to be relatively small given the large packet size).  This scheme is suitable for when MAC layer segmentation and aggregation of data is used.  An illustrative block diagram of N×SC-FDMA is shown in Figure 1.  In general, the CM increases with N and is comparable to OFDMA with large number of codewords.  The key advantage of this method is that it can be implemented with little changes required in the physical layer specifications. The UE implementation may choose from various options including the obvious one of multiple transmit chains (DAC+mixer) [11]
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Figure 1. Block diagram for N×SC-FDMA.
· Clustered DFT-S-OFDMA [4,5]: In this scheme, the data packet undergoes the coding and modulation process prior to DFT precoding and is then mapped to multiple clusters. Each cluster is contiguous to minimize PAPR/CM although multiple clusters may be mapped to the same carrier to allow non-contiguous resource allocation.  This is suitable for when physical layer segmentation and aggregation of data is used.  An illustrative block diagram of clustered DFT-S-OFDMA is shown in Figure 2.  Among the different schemes being considered, clustered DFT-S-OFDMA generally offers the lowest cubic metric.  The key advantage of this method is the slightly lower CM than NxSC-FDMA (see Figure 3). However, such a CM advantage will be somewhat negated by a slightly inferior link performance [8]. Moreover, when the UE implementation chooses to have multiple transmit chains, the signal phase between each chain before analog combining may be difficult to align precisely. In the case of random phase among clusters, the CM of the composite signal gets worse by 0.6dB (QPSK) and 0.4 dB (16/64-QAM) in the 4-cluster example, as opposed to the phase-aligned case with, for example, a single transceiver implementation. In addition, significant specification changes may be required.
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Figure 2. Block diagram for clustered DFT-S-OFDM.
· OFDMA: OFDMA allows for flexible resource allocation which can increases resource utilization [5] while reducing receiver complexity especially with the introduction of SU-MIMO in the uplink.  In addition, there is a performance improvement with higher-order modulation and possible support for maximum-likelihood receiver.  Also, since there is no DFT precoding, it can support both data aggregation (MAC or physical layer) methods.  OFDMA is flexible and enjoys some link-level performance and implementation benefits over the other schemes at the cost of high CM.  However, as discussed earlier for the non-aggregated case, some specification changes will be required to support OFDMA.
An illustrative comparison of cubic metric for the proposed schemes is shown in Figure 3 for 16-QAM modulation.  Note that results for QPSK and 64-QAM exhibit similar trend with the biggest difference among methods for QPSK.  However, it should be noted that QPSK is not expected to be used often for high data-rate users.  From a power saving perspective, clustered DFT-S-OFDMA provides the smallest CM of the three methods.  However, when compared to N×SC-FDMA, it is seen that the CM saving is on the order of 0.4-0.8 dB depending on the modulation and number of clusters.  However, as noted in [8], N×SC-FDMA slightly outperforms clustered DFT-S-OFDMA which negates some of the CM saving.  When compared to OFDMA, CM reduction in the order of 1.2-1.3 dB is possible.
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Figure 3. CM comparison of proposed uplink access schemes for 16-QAM.
From a link performance perspective, OFDMA provides the best performance especially when higher-order modulation is used.  At the 10% BLER operating point, gain of 0.5-1 dB can be expected for receivers with similar complexity.  Thus, without the use of more advanced receivers, the power saving enjoyed by clustered DFT-S-OFDM and N×SC-FDMA will reduce substantially to less than 1.0 dB.  As a result, it can be reasonably assumed that the link-level performance of the three proposed schemes is similar when cubic metric saving is taken into consideration.  If power de-rating is not necessary for OFDMA due to transmission over multiple antennas, then OFDM will enjoy a slight advantage in link performance.
Recommendation: Only one additional uplink access scheme should be selected to avoid supporting more uplink access schemes than necessary. 
4. Data Aggregation in Aggregated Operations 
One important consideration in the design of uplink access scheme is data segmentation where very large packets are transmitted.  This is because the data packet for LTE-A can be considerably larger than Rel-8 LTE to support peak data rate of 500 Mbps in aggregated transmission bandwidth up to 100 MHz.  Two data aggregation and segmentation methods were presented in [6] –

· MAC Layer – one transport block per component carrier. To minimize impact to specifications, it is recommended in [6] that each component carrier provides a separate data stream that is aggregated or segmented at the MAC layer.  This requires separate HARQ processing and associated control signalling.   A key advantage of this approach is separate link adaptation and MIMO support for each carrier, which should improve throughput since each data transmission can be independently matched to channel conditions on each carrier.  This will, however, require separate control information for each of the HARQ process.  In addition, an increase in overhead is expected due to the segmentation process, although this increase is expected to only a small fraction of the packet size. 

· Physical Layer – one transport block in total. This will require significant changes to the specification to handle redesign of the physical layer.  In addition, there will be no independent link adaptation and HARQ across different component carriers.  This is expected to result in decreased link efficiency.  However, in this case only one control information is needed.

To ensure backward compatibility and minimize changes to the specification, MAC layer segmentation is most attractive since it can be implemented with little or no change to the physical layer standards.  From a hardware perspective, Rel-8 components can be reused with minimal changes. With physical layer segmentation, significant changes to both hardware and specifications must be made to support the larger PDU sizes.  This, for example, would require additional transport block sizes to be defined for bandwidth up to 100 MHz, and additional hardware (e.g. larger DFT size) to be supported.  From a performance perspective, MAC layer segmentation allows for per carrier link and rank adaptation which can provide some improvement in spectral efficiency.  In addition, retransmission should be more efficient as only erroneous segments instead of the entire transport block need to be retransmitted.   

Recommendation: Use MAC layer segmentation to deliver one transport block with associated H-ARQ per carrier.
5. Conclusions
In this contribution, uplink access schemes for LTE-Advanced are discussed.  Several issues were discussed with the following recommendations –
· Only one additional uplink access scheme should be selected independent of e.g. aggregated system bandwidth or MIMO mode. OFDMA appears to be a promising candidate for an optional UL access scheme.
· Use MAC layer segmentation to deliver one transport block with associated H-ARQ per carrier. 
· The following uplink access scheme can be the focus for further development in  LTE-A –
	Scenario
	Uplink Access Scheme

	Non-aggregated Case
	SC-FDMA and OFDMA

	Aggregated-carrier Case 
	N×SC-FDMA and OFDMA
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