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1 Introduction
To achieve the target uplink spectral efficiency for LTE-Advanced, it is a widely held view that the inclusion of uplink single-user MIMO is inevitable. This is one-step forward from Rel-8, where although a UE has two transmit antennas, only one is able to transmit at one time. One important issue with UL SU-MIMO is how to support simultaneous transmission while maintaining the low PAPR feature of SC-FDMA, which has been selected for UL data transmission.
There have been some interesting discussions on this topic regarding possible technical options. In [1]-[4] STBC and CDD were proposed due to the fact that they would maintain the low PAPR property of SC-FDMA; in [5] various issues were discussed, but the issue of how to maintain low PAPR of SC-FDMA was largely missing; in [6], the discussion went beyond the comparison between STBC and FSBC, under the low PAPR constraint.
In this contribution, we will continue this discussion on UL transmit diversity for PUSCH, which remains an important MIMO mode for UEs with high mobility.
2 UL TxD options
Among the known TxD candidates, we will only focus on those which maintain the low PAPR property of SC-FDMA, and there are three of them, namely:

· STBC

· CDD

· FSTD

There are variations of other TxD techniques which have low PAPR properties as well, but the above three are what we believe most promising.
It is understood that TxD similar to the DL can be easily implemented when low PAPR is not a concern, as pointed out in [4].

2.1 STBC
STBC provides superior performance compared to the others. However, STBC has two limitations:
· It requires that the channel remains constant within the code-block;

· It requires even-number of SC-FDMA symbols.

2.1.1 Channel variation within an STBC code-block

Regarding the 1st limitation, if the channel variation within the code-block is known to the receiver, an MMSE based decoder can be used to eliminate this intra-code interference. Since the channel between the two consecutive SC-FDMA symbols cannot be totally random, STBC can still exploit the residual orthogonality of the channel and achieve modulation symbol level of diversity gain.

To know the channel variation in an STBC code-block, channel interpolation in the time direction is needed. This means that UL hopping, when implemented with STBC, should not be slot based. Sub-frame based hopping is probably more appropriate, for the following reasons:
· OL transmit diversity is usually used for high mobility UEs, which means without any type of time direction channel interpolation, the quality of channel estimation will be seriously compromised.
· With time direction interpolation, STBC can be decoded with an MMSE based decoder to eliminate intra-code interference. This would make STBC an attraction option even for high mobility UEs.

· The reason calls for time direction interpolation also suggests that certain level time diversity can be achieved with one sub-frame, and this would partially compensate frequency diversity achievable through slot-based hopping.

· Additional frequency diversity can still be achieved through sub-frame based hopping.

2.1.2 The limitation of even-number SC-FDMA symbols
Regarding the 2nd limitation of STBC, we may apply CDD or FSTD to the orphan SC-FDMA symbol. Once defined in the standard, the combination of STBC and CDD/FSTD is very easy to implement. An issue needs to be taken care of is where this orphan symbol should be. One guideline is that the location of the orphan symbol should allow other STBC symbols to take consecutive SC-FDMA symbols, which suggests that it is better to be located around the reference symbols.
2.2 CDD
Although CDD does not perform as well as STBC, it preserves the PAPR property and can work on single SC-FDMA symbol, and this is the flexibility that STBC does not have. One of the main issues of CDD is delay selection. Some guidelines in delay selection can include:

· Fading cycle – i.e. there should be at least one fading cycle within one RB, which is the basic objective of CDD based transmit diversity.

· To achieve optimal performance, it is preferred that fading cycles are complete within one RB.
· The delay selection should introduce as many combinations in a fading cycle as possible. This would make CDD work more like STBC, i.e. having latter symbol level fading.

· Easy to implement – to construct the effective CDD channel the receiver only needs to use {(1, (1, (j, (j}. No complex multiplication should be involved.

Two candidates of delay that satisfies the above conditions are 
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. When being viewed in the frequency domain, the channel combination pattern will take form of 
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, respectively, which in some way resembles frequency domain precoding vector hopping.
2.3 FSTD
FSTD is another flexible way of introducing transmit diversity into LTE-A. The data to be transmitted can be divided into two sub-groups, with each group being transmitted from odd-index (even-index) subcarriers associated with one transmit antenna. FSTD maintains the low PAPR property of SC-FDMA and can work with single SC-FDMA symbol.
Compared to CDD, it has only two levels of channel variation, and this can make it under-perform CDD in a random channel, as CDD has a “flatter” combined channel.
3 Summary
In this contribution, we analyzed three PAPR preserving transmit diversity techniques for LTE-A UL, i.e. STBC, CDD and FSTD.
· STBC provides best performance, but to make it work in any case, it can be combined with the other two techniques, i.e. CDD or FSTD.

· Since transmit diversity in PUSCH is mainly used by high mobility UEs, sub-frame based hopping is preferred than slot based hopping.

· CDD and FSTD can be applied to a single SC-FDMA symbol, and hence are very flexible to use.

They all preserve the low PAPR property of SC-FDMA and provide promising transmit diversity gains, and hence are worth further investigation.
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