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1 Introduction
In the August meeting in Jeju 2008, companies shared their views on LTE-A uplink 2-Tx diversity in their contributions [1]-[8]. In these contributions, a few 2-TxD schemes preserving single-carrier property (or keeping cubic-metric/PAPR small) are proposed: STBC, CDD and FSTD, for example. In this contribution, we present link-level simulation results for some of these 2-Tx diversity schemes proposed in these contributions.
2 Candidate UL 2-Tx Diversity Schemes for LTE-A
In Section 2.1, we briefly summarize the UL 2-TxD schemes proposed in the contributions submitted to the Jeju meeting, and in later subsections in this section, we discuss these schemes more in detail.
2.1 Summary of UL 2-TxD schemes
Figure 1 summarizes pros and cons of UL 2-TxD schemes proposed in the contributions submitted to the Jeju meeting. 
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Figure 1 Pros and Cons of different UL 2-TxD schemes.
2.2 STBC
STBC can be designed such that single-carrier (SC) property is preserved provided that even number of SC-FDMA symbols are available in a time slot (STBC-II in [1] and references therein). 
Since STBC symbol pairing is over SC-FDMA symbols, we need to have even number of data SC-FDMA symbols in a time slot to complete pairing. However, there are a few occasions in which this condition is not satisfied. The occasions include: (1) the second slot in a normal-CP subframe with SRS, which has 5 data SC-FDMA symbols excluding SRS and DM-RS symbols, (2) both slots in an extended-CP subframe without SRS, both of which have 5 data SC-FDMA symbols excluding DM-RS symbols and (3) the first slot in an extended-CP subframe with SRS, which has 5 data SC-FDMA symbols excluding a DM-RS symbol.
We have a few proposals handling the case of odd number of symbols in [1] and [6]. We summarize these approaches treating unpaired symbols below:

1. Sending the same signals over two antennas (Alt 1): In these unpaired symbols, the same stream is transmitted over both antennas. Even though this approach fully utilizes available antenna power resource, but it has some drawbacks. For example, in negatively correlated Tx channels, the signals transmitted by both antennas can be destructively added at a receive antenna.

2. Turning only one antenna on (Alt 2): In these unpaired symbols, the stream is transmitted over only one antenna. This approach has obvious drawback due to not fully utilizing available antenna power resource.

3. FSTD I. Top-down split (Alt 3): In these unpaired symbols, first half symbols in the stream are transmitted over the first Tx antenna, while the last half symbols are transmitted over the second Tx antenna. 
4. FSTD II. Even-odd split (Alt 4): In these unpaired symbols, eventh symbols in the stream are transmitted over the first Tx antenna, while the oddth symbols are transmitted over the second Tx antenna. These FSTD approaches are fully utilizing available antenna power resource and do not have correlated channel problems. However, these approaches may increase PAPR/CM.

5. Spatial multiplexing: In these unpaired symbols, we send two independent streams over two transmit antennas. This increases the number of information bits sent in one UL time slot, but it makes the BLER worse, due to the obvious reason. 

When STBC is adopted as a UL 2-TxD scheme, we need two sets of DM-RSs. These sets of RSs can be provided either by assigning two DM-RS CSs for a UE’s UL transmission, or assigning two sets of FDM pilots, the RS sequence each of which has the same CS.

2.3 CDD
The obvious benefits of CDD are that it preserves SC property, that it only requires one set of precoded RS, and that it does not require symbol pairings as opposed to STBC. In particular, dedicated (precoded) RSs may be utilized in LTE-A UL either without or with small spec change, CDD could be even more attractive. However, both small-delay (SD) CDD and large-delay (LD) CDD has some drawbacks as a diversity scheme. For example, they only rely on coded diversity, as opposed to STBC which relies on uncoded diversity as well. In addition, if we want to have CDD with RS precoding as an implementation detail (or without spec change), RS precoding should be carefully considered to ensure minimal impact to other UE’s performance transmitting in the same band in the SDMA mode. Some considerations on CDD can be found in [3], [4] and [6].
SD CDD works fine with RS precoding, since its frequency channels do not vary abruptly over subcarriers, and the CDD delay is much smaller than the minimum DM-RS CS delay. However, it is well known that the received signal in a SD CDD scheme may destructively add in some Tx-correlated channels. Let us denote the FFT size by 
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 and the subcarrier index 
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. Then, at an RE at an Rx antenna, the received signal in a small-delay CDD is, 
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where 
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 are channel coefficients for Tx antennas 1 and 2, 
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 is the transmitted symbol  at the RE. When 
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 are strongly correlated and the subcarrier assignment is such that 
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, the signals transmitted by two Tx antennas destructively add, which affects the BLER performance in a bad way.

On the other hand, LD CDD does not work well with RS precoding, since it frequency channels vary abruptly over subcarriers, and the CDD delay is comparable to DM-RS CS delay. In other words, with LD CDD with RS precoding, the channel estimation performance is poor, and furthermore it actually occupies two DM-RS CS resources. Thus, it is more reasonable to assign two sets of DM-RS for LD CDD; and in this case, the CDD precoding operation is not transparent to the receiver and thus the LD CDD is a spec issue. 
2.4 FSTD

For FSTD considered mainly in [3] we partition frequency subcarriers into two: top and down, and eventh and oddth, for example. Each Tx antenna transmits signals over only one set of frequency subcarriers. For this, the symbols in the data stream for an SC-FDMA symbol are appropriately partitioned into two, and mapped to corresponding subcarriers in a Tx antenna. The benefits of this approach are that we fully utilize the available antenna power resource, and we have coded-diversity gain. However, FSTD may increase the PAPR/CM in case we have only one DFT-precoding block, and it is inferior to STBC in terms of diversity gain due to the fact that it does not have uncoded diversity gain.
We need two sets of DM-RSs for the two antenna ports for FSTD. We may FDM the two sets of RSs according to the subcarrier allocations to antennas, or we may simply assign two CSs as we do for UL SDMA. 
3 Numerical Results
3.1 Link-Level Simulation Parameters

We summarize the parameters used for simulating the BLER performance of these schemes.
· Channel bandwidth = 10 MHz

· Sub-frame size = 2 slots  = 1 msec = 12 SC-FDMA symbols (extended CP)
· FFT size = 1024

· Sampling frequency = 15.36 MHz

· Carrier frequency: 2.0 GHz

· Channel model: 

· Uncorrelated TU-6 channel, 30 km/h

· Tx-correlated TU-6 channel (formed by Kronecker extension), 30 km/h

· Data Channel assignment:

· All tones in 2 consecutive RBs except in the SC-FDMA symbols containing pilots. These two RBs are located at the centre of the channel bandwidth.
· Frequency hopping = First RBs in the two slots are 6 RBs away from each other.

· Channel Coding: LTE Turbo code of rate 1/3 and 2/3

· Modulation: QPSK and 16-QAM

· Number of antennas: 2 at eNodeB and 2 at UE

· TxD schemes: STBC Alts 1, 2, 3 and 4, SD/LD CDD (with delay 1 and 
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), top-down FSTD.
· Channel Estimation:  Real channel estimation under the assumption that no other UEs are present in the assigned set of RBs.
· STBC, LD CDD: Two DM-RS CSs are assigned as in two-user LTE UL SDMA. The two channel responses in DM-RS SC-FDMA symbols are de-correlated by frequency domain processing and time domain windowing, and each estimated channel response is switched back to frequency domain. Then, channels at data REs are measured by 2-D MMSE filter relying on the estimated channels at RSREs.
· SD CDD, 1x2 baseline: Only one set of (precoded) RSs are provided as in LTE UL. The channels are estimated in frequency domain utilizing 2-D MMSE.
· FSTD: top-down FDM pilots: REs associated with each antenna channel are separately estimated in frequency domain utilizing 2-D MMSE.

3.2 PAPR of FSTD schemes

Figure 2 shows PAPR performance of an SC-FDMA symbol when 24 subcarriers are assigned with QPSK modulation, with single-carrier, with even-odd FSTD, and with top-down FSTD. The PAPR loss of these FSTD scheme is marginal, only about 0.5 dB at 
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CCDF, compared to SC schemes.
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Figure 2 PAPR of FSTD schemes
3.3 BLER Performance in Uncorrelated Channels
Figure 3 shows the BLER performance of TxD schemes in uncorrelated channels. Some observations on the performance curves are made as in the following:

1. Compared to the 1x2 baseline, 2-TxD schemes are slightly worse in the low SNR regime (up to BLER 
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), outperform it in the medium to high SNR regime. However, 2-TxD schemes may exploit 3-dB antenna power gain in noise-limited scenarios, over the 1x2 baseline.

2. SD CDD shows similar performance as the 1x2 baseline. With small number of RBs (2RBs) allocated, the coded diversity advantage of SD CDD is limited.
3. Among other TxD schemes, LD CDD, FSTD and STBC Alt2 show worse BLER performance than STBC Alts 1, 3 and 4. Since LD CDD and FSTD do not have uncoded diversity benefit, the BLER performance gap between them and STBC Alts 1, 3, and 4 becomes wider as we increase the coding rate. On the other hand, STBC Alt2 loses antenna power gain in unpaired symbols, which contributes the loss of performance.
4. STBC Alts 1, 3 and 4 shows similar BLER performance; at BLER 
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 with 16-QAM rate 2/3, they are better than STBC Alt2 and LD CDD by about 1 dB, and better than SD CDD and FSTD by more than 3.0 dB. 
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Figure 3 BLER Performance of TxD Schemes in Uncorrelated Channels
Figure 4 shows the channel estimation MSEs obtained by different methods of pilot assignments. Assigning two CSs, the channel estimation performance is approximately 3-dB worse than having precoded pilots. FDM pilots used for FSTD, where the MSE is measured only for REs associated with each set of RSs, show 1.5 dB better than pilots with two CSs and 1.5 dB worse channel estimation performances than precoded pilots.
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Figure 4 Channel estimation MSE
3.4 BLER Performance in Strongly Correlated Channels

Figure 5 and Figure 6 show the BLER performance of TxD schemes in strongly correlated channels, one with positively correlation (
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). Some observations on the performance curves are made as in the following:
1. SD CDD shows extreme behaviours in the positively correlated and in the negatively correlated channels. In the positively correlated channels, the BLER is decaying slower than the others; on the other hand, in the negatively correlated channels, the BLER is decaying faster than the others. This is due to the simulation setup where the assigned RBs for the UL transmission is at the centre of the band, which makes the composite channel at the receiver destructively added in positively correlated channels, and makes the composite channel coherently added in negatively correlated channels.
2. LD CDD shows worse BLER than STBC. The performance gap becomes larger as we increase the coding rate, as LD CDD relies only on coded diversity.
3. FSTD shows similar performance as base 1x2 scheme, as the two Tx antenna channels are highly correlated.
4. STBC Alt 2 shows worse performance than STBC Alts 3 and 4 in these correlated channels, due to the lack of antenna power gain for the unpaired symbols.
5. STBC Alt 1 shows slightly better performance in positively correlated channels, while it shows worse performance in negatively correlated channels than STBC Alts 3 and 4. For the unpaired symbols, the composite channel at the receiver is coherently added in positively correlated channels, and is destructively added in negatively correlated channels.
6. STBC Alts 3 and 4 shows relatively stable performance in both of these correlation scenarios.
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Figure 5 BLER performance of TxD schemes in Tx-correlated channels with 
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Figure 6 BLER performance of TxD schemes in Tx-correlated channels with 
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4 Conclusion
Among the UL 2-TxD schemes considered in this contribution, STBC schemes with separately treating unpaired symbols with FSTD achieve BLERs relatively stable in various channel correlation scenarios, while suppressing the PAPR reasonably small.
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