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1. Introduction

In [1]-[3], OFDM was proposed to be considered as an additional uplink access scheme in LTE-A.  The decision depends on the trade-off between performance gain and the complexity of multiplexing OFDM and SC-FDMA transmissions, as well as the impact on existing UL PUCCH design (including data/control multiplexing in PUSCH). A preliminary study of system impact can be found in [5]. This contribution provides some link evaluation results on performance comparison. 
2. Performance Comparison of OFDMA and DFT-S-OFDM
Link performance comparison of DFT-S-OFDM and OFDMA were performed based on simulation parameters given in Table 1.  The chosen parameters were based on the agreed simulation assumptions in [6] as much as possible.  In this case, system bandwidth of 10MHz was chosen with all 50 resource blocks assigned for data transmission.  Full-rank open-loop spatial multiplexing without precoding is used with dual codeword transmission for 2 transmit antennas.  The same codeword-to-layer mapping as downlink spatial multiplexing was used.  Release-8 DMRS structure was used with each transmit antenna assigned different cyclic shifts.
Two types of receivers were evaluated – MMSE and SIC.  In addition, performance for both ideal and realistic channel estimation using IFFT-based algorithm are given.  Hull throughput curves were generated from resulting link curves as demonstrated in Figure 5 - Figure 6.  Note that not all of the underlying link performance curves are shown in this contribution to conserve space.

Figure 1 and Figure 2 illustrate hull curve comparison with ideal channel estimation.  Figure 1 shows performance using MMSE receiver while Figure 2 shows performance using SIC receiver.  From the figures, it is seen that OFDMA outperforms DFT-S-OFDM significantly, especially at the higher SNR range where higher-order modulation is used.  Performance gain of 1.0-2.5dB can be observed from the figures.  At the lower SNR range, performance is similar between OFDMA and DFT-S-OFDMA as expected.
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Figure 1.  Throughput comparison, MMSE receiver, ideal channel estimation.
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Figure 2.  Throughput comparison, SIC receiver, ideal channel estimation.

Figure 3 and Figure 4 illustrate hull curve comparison with realistic (IFFT-based) channel estimation.  Figure 3 shows performance using MMSE receiver while Figure 4 shows performance using SIC receiver.  Similar to before, it is seen that OFDMA outperforms DFT-S-OFDM significantly, especially at the higher SNR range where higher-order modulation is used.  Performance gain of 1.0-2.0dB can be observed from the figures.  At the lower SNR range, performance is similar between OFDMA and DFT-S-OFDMA.  In general, OFDMA link performance gain increases with SNR due to the use of higher-order modulation.  Although the gain with OFDMA is smaller when realistic channel estimation is considered, more advanced channel estimation algorithm (e.g. MMSE) may increase the gain.
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Figure 3.  Throughput comparison, MMSE receiver, realistic channel estimation.
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Figure 4.  Throughput comparison, SIC receiver, realistic channel estimation.

Additional link-level results comparing OFDM and DFT-S-OFDM are shown in Figure 7 and Figure 8.  In these figures, results are shown for 16-QAM and 64-QAM under SIMO, SFBC, rank-1 and rank-2 precoding.  Similar to the results shown earlier, it is also seen here that OFDM can provide significant link performance gain compared to DFT-S-OFDM.  
As noted, the link performance loss for DFT-S-OFDM increases with the effective SNR.  This is crucial for interior users in LTE-A since they are likely to be assigned very large number of resource blocks and operating at high SNR while not necessarily transmitting at a point that require power de-rating.  From the study shown in [4], it was determined that more than 90% of UEs would be able to use OFDM to transmit 100 resource blocks under non-power limited condition.  Thus, for those UEs, considerable link performance advantage can be achieved with the introduction of OFDM.  Naturally, UEs on the cell edge can be configured to use DFT-S-OFDM on the PUSCH and thus there is no loss in cell coverage.
Another consideration for OFDM mentioned in [2] is the use of receivers employing maximum likelihood detection (MLD) which can provide significant gain especially for UL-MIMO.  Based on the results shown in [2], an additional 0.5-1.0 dB gain over SIC receiver may be possible.
3. OFDM Implementation in LTE-A
Clearly, introducing OFDM in complement to DFT-S-OFDM can provide link benefits, especially from the perspective of receiver complexity to support UL SU-MIMO in LTE-A. If multi-codeword transmission is adopted in UL SU-MIMO, OFDM can provide a less complex implementation as additional DFT/IDFT hardware is not required.
As noted in [1], OFDM can be configured as semi-static UE-specific mode for PUSCH.  This will allow sharing of PUSCH resources among SC-FDMA and OFDMA UEs which can provide system gain without sacrificing cell coverage.  As opposed to PUSCH, uplink control channel design can be impacted much more significantly by any incorporation of OFDM transmission components. Priority in uplink 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 uplink link performance of control channels needs to be carefully examined after weighing in the system complexity.
The support of optional OFDM scheme in PUSCH could incur minimal implementation burden if carefully designed, and thus allowing quick and seamless migration to LTE-A.  From a hardware perspective, OFDM is very similar to DFT-S-OFDM with the difference being the DFT/IDFT which can be enabled or disabled as needed.  Much of the uplink physical layer design and receiver components can be easily used or adopted for OFDM.   Thus, from an implementation point of view there is minimum impact from introducing OFDM. 
4. Conclusions
In this contribution, link performance advantages of OFDM over DFT-S-OFDM in LTE-A are shown.  It is seen that OFDM can provide significant link throughput benefits.  In addition, support of optional OFDM scheme in PUSCH could incur minimal implementation burden if carefully designed, and thus allowing quick and seamless migration to LTE-A.  Thus, it is proposed that OFDM is adopted in complement to DFT-S-OFDM for LTE-A.
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Table 1.  Simulation Parameters.

	Parameter
	Assumption

	System Bandwidth
	10 MHz

	No of Resource Blocks
	50

	Multipath channels
	GSM-TU (3 km/h)

	Channel estimator
	Ideal, IFFT-based

	MCS
	QPSK R=1/3, 1/2, 2/3

16-QAM R=1/3, 1/2, 2/3

64-QAM R=1/3, 1/2, 3/4, 8/9

	# of TX antennas
	2

	# of RX antennas
	2

	Base Turbo Codec
	R=1/3, K=4, 8 iterations, Max Log MAP

	Control Channel Overhead
	None

	H-ARQ
	None

	MIMO Mode
	Full-rank open Loop spatial multiplexing without precoding, dual codeword transmission for 2TX (same codeword-to-layer mapping as DL spatial multiplexing cases)

	Receiver
	MMSE, SIC

	DMRS Structure
	LTE Rel-8 DM RS
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Figure 5.  Link performance curves for DFT-S-OFDM – SIC, ideal channel estimation.
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Figure 6.  Link performance curves for OFDMA – SIC, ideal channel estimation.
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Figure 7.  Link performance comparison – 16-QAM, R=1/2.
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Figure 8.  Link performance comparison – 64-QAM, R=1/2.





























































































































































































































































