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1 Introduction
In the LTE RAN1 #55 meeting in Prague, it was agreed to provide comparison between Single Carrier FDMA (SC) and OFDMA in terms of performance, complexity and latency. In [1], we provide an extensive study on the performance of the two schemes. In this contribution, we compare the two schemes, their benefits and their shortcomings.
2 UL Multiple Access Schemes
In the Rel-8 LTE standard, SC is adopted for UL access mainly due to its lower PAPR. In SC, a DFT operation is applied to the transmitted signal before it is loaded onto the subcarriers for the IDFT operation in OFDM. The low PAPR property would help low geometry users, but only in the noise limited environment, not in the interference limited environment. Such power limited UEs may focus their transmit power onto one or a few RBs to improve UL throughput and hence extend the coverage area. However, for users with multiple RB assignment, frequency dependent resource allocation and for interference limited users, SC loses its benefit fast as its PAPR increases, and its link performance degrades as compared to OFDM
On the other hand, when one or a few RBs are allocated contiguously to an OFDM waveform, the PAPR property, or the amount of transmit power backoff required is much reduced. Simulation results [6] have also shown that the amount of power backoff required for OFDM can be greatly reduced by appropriate resource allocation.

It is proposed by several companies to adopt OFDMA [4-5] for LTE-A UL access with MIMO transmission. The main reasons to adopt OFDMA include superior performance in all scenarios, power headroom availability, scheduling flexibility, frequency selective precoding, lower complexity and enhanced decoder possibility. 
3 Comparison
In this section, we compare the two schemes in terms of performance, complexity, feasibility and latency.

3.1 Scheduling Flexibility

SC holds its low PAPR property only and if only the tones assigned to the UEs are contiguous (or equally spaced, which violates the LTE RB structure.) This prohibits high geometry UEs which are capable of SM transmission to be scheduled for multiple sub-bands. Doing that by either clustered-DFT or N x DFT will increase the cubic metric of SC as compared to that of OFDM, and hence evaporates the single benefit of SC [2].

3.2 Closed Loop Precoding

The same reasoning for scheduling flexibility holds for precoding. With precoding, the cubic metric of the signal increases as the effective constellation set enhances. The PAPR increases by a factor of L where L is the number of transmission layers assuming a CM precoder is used. 

Moreover, the cubic metric of SC grows to match that of OFDM, if different precoders are used for different used tones. Performance of nomadic and low speed users will suffer greatly from the need to use the same precoder over their entire band. With such restriction, the goal of LTE-A to optimize performance for nomadic users cannot be achieved. Again, relaxing such restriction negates the only advantage one would expect from SC.

3.3  Open Loop Precoding

In LTE Rel-8, DL open-loop (OL) MIMO transmission for 4 transmit antennas, other than rank-1, precoder rotation is adopted. Use of such an OL scheme for the UL with SC will result in PAPR at the same level as OFDM. Otherwise, we should look for other OL schemes for UL which either implies lower performance or higher complexity.

3.4 Performance

In [1], an extensive performance comparison is provided between the two candidates. Findings in [1] show that:

1- OFDM Provides consistently superior performance over SC in all channel models and MCS levels, with the same decoders (e.g. MMSE and turbo-MMSE)

a. Note that these decoders are slightly more complex in the SC case for the extra DFT and IDFT operations.

b. For mid-MCS levels (spectral efficiency of 8 bits per data tone for 2-Tx and 15 bits per data tone for 4-Tx), the gains reach as high as 3.6 dB. This covers much more than the cubic metric gain by SC, given all the conditions in the previous subsections are met and only in noise limited environment.

c. For high MCS levels, the performance loss for SC transmission grows. 

2- SC performs poorly when the number of Rx antennas is not much higher than the number of transmitted layers. 

3- SC is very susceptible to Rx antenna correlation. For example, while the performance of 4x8 UL MIMO in uncorrelated TU channel is not so poor, it degrades deeply when the receive antennas are cross-polarized uniform linear array. 
4- Turbo-MMSE decoder shows more susceptibility to poor channel estimation. However, between the two schemes, the losses for SC are higher with the same channel estimation quality.

5- By using MLD decoders for OFDM and its simplified versions (such as list-sphere decoder used in [1]), one can enhance the performance of OFDM by more than 5 dB, as compared to Turbo MMSE decoder. However, such gains are out of reach for SC transmission. Such performance gains are more visible as the turbo coding rate increases.

a. MLD decoder not only provides a superior performance, but also provides higher receive diversity in some scenarios which is reflected in the higher BLER slope. 

3.5 Latency
The best decoder known for SC is turbo-MMSE decoder. We noticed that OFDM shows a superior performance of up to 3.6 dB for mid-MCS level. It is interesting to note that the complexity of such decoder is slightly less for OFDM, as compared to its SC counterpart, due to the lack of extra DFT and IDFT steps, resulting in an overall lower latency.  

Introduction of QPP interleaver for Rel-8 LTE was sparked partly by its decoder structure which allows for in-place decoding that saves data transfer time. Using multiple MMSE-SIC loops just increases the soft-bit transfer overhead resulting in a higher latency. The latency caused by MMSE-SIC decoding loops can be avoided in the case of OFDM, as the MLD decoder has a lower latency.
3.6 Decoder Feasibility

As mentioned earlier, MLD decoder and its varieties are only feasible with OFDM scheme. Such decoders provide a superior performance especially when the spectral efficiency increases. The complexity of such decoder depends on different parameters. For example, for the list-sphere MLD decoder, the radius of the sphere and the size of the list determine the complexity. 

3.6.1 Hybrid SIC Receiver

Here, we introduce a hybrid turbo-SIC decoder with a complexity lower than full turbo-MLD and performance superior to turbo-MMSE. With this decoder, similar to turbo-MMSE, a regular MMSE is applied in the first N-1 SIC iterations. At the end of the first N-1 iterations, if one of the codes is correctly decoded, we will proceed with a single hard SIC step and the decoding process finishes. However, if none of the codes is decoded after N-1 iterations, an MLD decoder is then applied. Note that, in the last iteration, since we have a good estimation of the codes, we can limit the search area over each constellation map. This means that we may effectively optimize sphere radius and list size for list-sphere MLD decoder. There is a trade-off between the number of MMSE iterations and the complexity. More MMSE iterations increase the MMSE complexity while reducing the need for the last MLD iteration.

Figure 1 shows the performance of such decoder in SCM-C 2x2 system. All simulation parameters are similar to those of [1]. Simulation results show that hybrid decoder with one MMSE and two MMSE show similar performance and achieve much of the gain promised by full turbo-MLD decoder. However, it reduces the need for the last MLD step. The Figure provides a measure on the rate in which MLD is required to improve the performance. For example, with the SNR target of 16 dB, turbo MMSE achieves 1% BLER. Equivalently, at this SNR range, only for 1.3% of the time MLD is required to improve the BLER from 6% with one MMSE only and 1.3% with two MMSEs to 0.3% with iterative MMSE2/MLD.
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Figure 1: BLER performance of different decoders in SCM-C 2x2, 3 km/h 
Figure 2 shows the performance of the same decoder in the SCM-C 4x4 channel. Similar to 2x2 scenario, hybrid decoder provides a performance superior to turbo-MMSE and MLD and only requires MLD operation when MMSE fails to decode either of the codewords.
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Figure 2: BLER performance of different decoders in SCM-C 4x4, 3 km/h
3.7 Decoder Complexity

Both SC and OFDMA UL access schemes can benefit from MMSE and turbo MMSE decoders. MMSE and turbo MMSE decoders for OFDMA have slightly lower complexity due to no DFT/IDFT in the decoding process.  As shown in [1], the lower decoder complexity gives the best performance of up to 2.4 dB gain at mid SNR if OFDMA is used for UL SM. Such gain increases as the SNR increases.
Moreover, the inherent complexity of SC prohibits it from exploiting any MLD receiver type. Such receivers are very powerful and their complexity can be reduced by many different schemes such as the list decoder in [3] or the hybrid iteration described in this contribution. Utilizing such low complexity decoders, OFDM is able to gain up to 4.8 dB at mid SNR. Similar to MMSE decoders, the gain increases as the SNR increases. It is worthwhile to note that the hybrid turbo-MMSE/MLD SIC receiver performs MLD only for a fraction of packets for each UE. 
4 Summary
In this contribution, we discussed the benefits and drawbacks of the two UL access candidates for LTE-A UL MIMO and discussed the results provided in [1]. We find that OFDM is better than SC in many ways, including:
1- Candidate UEs for multi-layer UL transmissions are not at the cell edge and therefore have power headroom large enough to manage PAPR.
2- Low PAPR property of SC holds only in certain conditions. With the following transmission criteria, such property vanishes.
a. Multiple sub-band scheduling
b. Closed-loop (CL) precoding
i. With constant precoder over the entire band, PAPR increase by a factor of L for L layers of transmission
ii. With frequency selective closed loop precoding, the cubic metric of SC approaches  that of OFDM.
c. OL precoding with precoder rotation
3- Low PAPR property of SC is only beneficial in noise-limited scenarios.
4- OFDM consistently provides superior performance over SC in all channel models and MCS levels.
a. With the same decoder (and slightly lower complexity), OFDM provides a superior performance.
b. More advanced decoders provide a much better performance for OFDM while SC is unable to use them.
c. Adopting SC implies using a proprietary decoder to enable high spectral efficiencies. 
5- SC shows a very poor performance with limited number of receive antennas.
6- SC is very susceptible to receive antenna correlation. 
7- SC is more susceptible to poor channel estimation than OFDM with the same decoder.

8- SC is unable to exploit any MLD or sub-MLD decoder.

a. A simple low complexity hybrid decoder is proposed which is applicable only to OFDM and provides near optimum performance.

As a conclusion, there is not any reason to adopt SC over OFDM for UL multi-layer transmission. Therefore, we propose to adopt OFDM for UL multi-layer multiple access in LTE-A. 
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Summary: In a multiple-antenna system with two transmitters and two receivers, a scenario of data communication, known as the X channel, is studied in which each receiver receives data from both transmitters. In this scenario, it is assumed that each transmit.....
































































































































































PAGE  
1

