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1
Introduction
LTE Rel-8 uplink adopts SC-FDMA (a.k.a. DFT-Spread OFDM) waveform for its lower PAPR/Cubic Metric compared to OFDM waveform. For LTE-Advanced, spectral efficiency is of greater importance. Thus, we envision that LTE-A UEs should support OFDMA in uplink in addition to SC-FDMA.
In fact, in previous RAN1 meetings, it has already been proposed to study multi-carrier waveform for LTE-A uplink [1-3]. In this paper, we will examine the advantages that OFDMA would bring to LTE-A uplink.

2
Discussion 
2.1
Link Efficiency
For SC-FDM transmission over N sub-carriers with 
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denoting the received SNR over sub-carrier k, the effective SINR in time domain after MMSE equalization in frequency domain and IDFT can be shown to be [4]:
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which is simply the Harmonic mean of {1+
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}; however, for OFDM transmission with the same received SNR over each sub-carrier, the effective SINR turns out be to:
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which is just the Geometric mean. Clearly, OFDM outperforms SC-FDM over frequency-selective channels. The performance gain turns even bigger at high SINR. For power-limited case, the lost spectral efficiency in SC-FDM can be compensated with larger transmission power because SC-FDM has lower PAPR/Cubic Metric than OFDM. It is thus proposed that LTE-A UEs should be able to be scheduled to transmit with either OFDM waveform or SC-FDM waveform depending on the UEs’ conditions to optimize the uplink performance. In Figure 1, we show that high Geometry UEs can possibly take advantage of OFDM’s high spectral efficiency and low Geometry UEs can still benefit from the low PAPR/Cubic Metric of SC-FDM when they are power-limited.
Comments on PA Backoff in LTE-A: In LTE-A, when UEs are equipped with Nt (Nt>1) transmit antennas, by equally allocating the transmitting power over the Nt antennas, in order to deliver Pmax(dBm) (max transmission power for Rel-8 UE) total output power, each transmit antenna PA only needs to deliver Pmax-10log10(Nt) (dBm) power. When the PA at each transmit antenna is as powerful as the PA for Rel-8 UEs (which is needed to support antenna selection), as long as the power de-rating for OFDM is less than 10log10(Nt)(dB) relative to SC-FDM, PA backoff will not be needed to employ OFDM waveform for LTE-A uplink MIMO transmission, which includes rank-1 beam-forming and spatial multiplexing. 
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Figure 1. Coexistence of OFDM and SC-FDM in LTE-A uplink
2.2
Flexible Control and Data Multiplexing
In LTE Rel-8, the PUCCH is never transmitted simultaneously with the PUSCH from the same UE to maintain the SC-FDM waveform. The uplink control information will have to be multiplexed with data and transmitted on PUSCH when the UE is transmitting UL data. However, unlike data, the control information will not experience the HARQ process. It is thus very challenging to maintain the control reliability in the presence of severe IoT variation over PUSCH bands.
When OFDMA is supported by LTE-A UEs, uplink control information can always be sent on PUCCH no matter whether the UE is transmitting on PUSCH or not. In this way, control and data are separated and it will be easier to maintain the control reliability. Meanwhile, control of IoT over PUSCH bands is not as critical as in Rel-8. Multi-carrier extensions of SC-FDM as described in [2, 3] will also enable this. However, they will potentially suffer from spectral efficiency loss as discussed in section 2.1. 
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Figure 2. Control and Data Multiplexing
2.3
Flexible Bandwidth Allocation
In LTE Rel-8, the resource blocks allocated to a UE’s uplink transmission have to be contiguous in frequency to keep the single-carrier property, which can potentially lead to very inefficient bandwidth utilization because of the bandwidth segmentation. For example, in Figure 3, because of re-transmissions of UE 1&2, when we try to allocate BW for another UE, even though the UE can support very large BW, that UE can only be allocated one segment from Segments 1-3. Bandwidth de-segmentation can be done by explicitly scheduling those re-transmissions, which will be very costly considering the limited PDCCH resources. With the support of OFDMA in LTE-A uplink, the bandwidth segmentation problem in Rel-8 can be efficiently solved. Meanwhile, flexible BW allocation can exploit the multi-user diversity based on the frequency-selectivity of the broadband channels better and easier. Again, multi-carrier extensions of SC-FDM as described in [2, 3] will also make flexible bandwidth allocation possible. However, they will potentially suffer from spectral efficiency loss as discussed in section 2.1. 
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Figure 3. BW Segmentation

2.4
Simultaneous UL to Multiple Cells

In a synchronous network, supporting OFDMA in the uplink will naturally enable the UE to transmit to multiple cells simultaneously. For example, a UE can send random access preamble to a target cell when its uplink is still served by the original serving cell (see Figure 4). Compared to the handover procedure in Rel-8, this would improve the robustness of the handover procedure in LTE-A. Multi-carrier extensions of SC-FDM as described in [2-3] will also enable this feature but at a price of potential spectral efficiency loss compared to OFDM.

[image: image8.emf]PRACH to Target Cell

PUSCH to Serving Cell

TTI

PUCCH

PUSCH

PUCCH


Figure 4. Simultaneous UL to Multiple Cells
3
Conclusion 
Supporting OFDMA in LTE-Advanced uplink will enable:

-  better spectral efficiency;
-  flexible multiplexing of control and data;
-  flexible bandwidth allocation;
-  simultaneous uplinks to multiple cells.
Future contributions will go into further details quantifying the gains achievable by an OFDMA waveform.
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