3GPP TSG-Ran Working Group 1 Meeting #57
R1-091924
San Francisco, US, May 4-8, 2009
Agenda Item
: 15.5
Source 
: Nortel
Title 
: Discussion on Transmit diversity for PUSCH in LTE-A
Document for
: Discussion / Decision
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 in Rel-8 and will be supported in LTE-Advanced as well.
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 SFBC, under the low PAPR constraint. In the last meeting in Ljubljana, these discussions appeared with more details [7]-[12].
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. We provide a performance comparison of the most promising schemes that have been previously introduced as candidates for UL transmit diversity.
This contribution is a resubmission of [13].
2 UL TxD options
Among the known TxD candidates, we will only focus on those which maintain the low PAPR property of SC-FDMA. There are four of such schemes, namely:

· STBC

· CDD

· FSTD

· Low-CM SFBC

There are variations of other TxD techniques which have low PAPR properties as well, but the above four are what we believe to be the most promising ones.
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

If the channel varies rapidly, e.g. in a high speed scenario, the channel may change dramatically within an STBC code-block. This may cause intra-code interference. 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 certain level of time diversity can be achieved within 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.

It should be emphasized that even without time direction channel interpolation the MMSE based receiver can be utilized to decode STBC. Indeed, the simulation results in this contribution show that even without time direction channel interpolation, STBC has a superior performance compared to other options. However, according to the above reasons, by channel interpolation the performance of STBC can be improved. Hence, STBC becomes a more attractive option if slot-level frequency hopping is replaced by sub-frame-level frequency hopping.

2.1.2 Even-number of SC-FDMA symbols
If the number of SC-FDMA symbols in one sub-frame is not even, e.g. in the case of normal cyclic prefix with SRS, after pairing the symbols an orphan symbol is left. To solve this problem, as it has been suggested by other companies too (see e.g. [8]-[9]), we may apply low-CM SFBC, CDD or FSTD to the orphan SC-FDMA symbol. Once defined in the standard, the combination of STBC and Low-CM SFBC/CDD/FSTD is very easy to implement.
2.2 Low-CM SFBC

The conventional SFBC does not preserve the low PAPR property of the SC-FDMA. However, the superior performance of SFBC and its flexibility in handling any number (even or odd) of SC-FDMA symbols have been the motivation for proposing a modified version of SFBC called Low-CM SFBC [12].
The main idea in low-CM SFBC is that the paired symbols for a code block and the subcarriers the code block is mapped to are chosen in a systematic way such that the resultant sequence is still low PAPR. This is in contrast to the conventional SFBC, where the adjacent symbols are paired and the code blocks are mapped to the adjacent subcarriers. This structure of the low-CM SFBC, i.e. having a single code block over non-adjacent subcarriers, makes it vulnerable to channel frequency selectivity. The reason is that the Alamouti code is designed for flat channels and any channel variations can cause performance degradation. On the positive side, low-CM SFBC inherits the advantages of SFBC, i.e. good performance and flexibility. 

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.
2.4 CDD

Although CDD does not perform as well as STBC, it preserves the PAPR property and can work on single SC-FDMA symbol. 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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, where N is the IFFT size and Ts is the sampling period. When being viewed in the frequency domain, the channel combination pattern will take the form of 
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, respectively, which in some way resembles frequency domain precoding vector hopping.

3 Simulation Results
In this section, we compare the BLER performance of the four transmit diversity schemes discussed in this contribution. No frequency hopping has been assumed; however, channel interpolation has not been applied in the channel estimation process. As discussed before, channel interpolation in the time direction can improve the performance of STBC. We leave this issue for further study. All other simulation assumptions are based on Table 1 unless otherwise specified.
Table 1: Simulation Assumptions.

	Channel bandwidth
	10 MHz

	Number of total sub-carriers
	601 (including DC)

	Subframe
	1 msec = 14 OFDM symbols

	FFT size
	1024

	Sampling frequency
	15.36 MHz

	Cyclic Prefix
	72 Samples

	Carrier frequency
	2 GHz

	Data Resource Assignment
	1 RB 

	Symbol constellation
	QPSK

	Channel Coding
	Turbo Code 1/2 

	Channel Model
	ITU PB 3 kph/360 kph

	Channel Estimation
	Realistic

	MIMO Configuration
	2x2 Uncorrelated

	Receiver Structure
	MMSE


Fig. 1 provides a performance comparison of STBC, low-CM SFBC, FSTD, and CDD with the basic assumptions of Table 1. It is observed that STBC and low-CM SFBC have almost the same performance. Also, FSTD and CDD demonstrate the same BLER performance. It is also seen that the group of Alamouti codes outperform FSTD and CDD. In the sequel, we investigate the effect of channel frequency selectivity, UE speed, transmit antenna correlation, and code rate on the performance of these four schemes.
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Fig. 1: BLER vs. SNR for STBC, Low-CM SFBC, CDD, and FSTD with1 RB assignment 

3.1 Effect of Channel Frequency Selectivity
Fig. 2 shows the BLER performance of the four schemes when 6 RBs are assigned to the UE. Other simulation assumptions are the same as in Table 1. It was discussed before that low-CM SFBC is vulnerable to frequency selectivity. This effect is clearly seen in Fig. 2. Also, it is observed that the performance difference between STBC and FSTD/CDD remains unchanged compared to the basic test case (Fig. 1).
3.2 Effect of UE Speed

Fig. 3 shows the BLER performance of the four schemes when the UE speed is 360 kph. As before, MMSE receiver has been assumed for all schemes; however, for the sake of comparison, the BLER curve of the STBC with the Alamouti decoder is also included in this figure. Other simulation assumptions are the same as in Table 1. It is seen that despite the fast variations of the channel over the STBC code block, the performance degradation of STBC (with MMSE receiver) is negligible. Indeed, similar to the low speed scenario, STBC and low-CM SFBC perform pretty much the same. Also, the performance degradation of STBC with the Alamouti decoder is negligible (almost 0.2dB at BLER of 0.01). It is also observed that in the high speed scenario, STBC and low-CM SFBC outperform FSTD/CDD again.
It should be mentioned that the performance of all schemes can be significantly improved in this scenario, if in the channel estimation process interpolation can be applied across the time direction.
3.3 Effect of Transmit Antenna Correlation
Due to the small dimensions of the UE, it is expected that the channel is spatially correlated at the transmitter side. Fig. 4 shows the BLER performance of the four schemes when the correlation factor at the transmit antennas is ρ= 0.7. Other simulation assumptions are the same as in Table 1.  It is seen that the transmit antenna correlation causes performance degradation to all schemes. However, the performance differences remain the same.
3.4 Effect of Code Rate

As opposed to the Alamouti codes (STBC/low-CM SFBC), FSTD and CDD do not have any modulation symbol level diversity. In fact, these latter schemes only achieve bit level diversity through the FEC. As a result, the performance of FSTD and CDD dramatically deteriorates in high code rate scenarios.
Fig. 5 demonstrates this behavior when the rate of the turbo code is 4/5. Other simulation assumptions are the same as in Table 1. As it observed, at this high code rate, the performance difference between the Alamouti codes and CDD/FSTD is much larger than in the case of code rate ½. Nevertheless, STBC and low-CM SFBC still perform the same.

In Table 2, the required SNR of each scheme to achieve a BLER of 10-2 at different scenarios is shown.

Table 2: Required SNR for Different Schemes to Achieve BLER of 10-2
	Scheme

Scenario
	STBC
	Low-CM SFBC
	CDD
	FSTD

	Narrow Band Transmission (1RB)
	6.6dB
	6.7dB
	8.1dB
	8.2dB

	High Speed (360 kph)
	6.6dB
	6.6dB
	8.9dB
	8.2dB

	Wideband transmission (6 RBs)
	4.8dB
	5.4dB
	5.6dB
	5.5dB

	Spatial correlatin (0.7)
	8dB
	8dB
	9.5dB
	9.1dB

	High code rate (4/5)
	11.3dB
	11.3dB
	>14dB
	>14dB
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Fig. 2: BLER vs. SNR for STBC, Low-CM SFBC, CDD, and FSTD with 6 RB assignment
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Fig. 3: BLER vs. SNR for STBC, Low-CM SFBC, CDD, and FSTD at 360 kph
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Fig. 4: BLER vs. SNR for STBC, Low-CM SFBC, CDD, and FSTD (ρ=0.7)
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Fig. 5: BLER vs. SNR for STBC, Low-CM SFBC, CDD, and FSTD (Turbo Code 4/5)

4 Conclusion
In this contribution, we analyzed four PAPR preserving transmit diversity techniques for LTE-A UL, i.e. STBC, low-CM SFBC, FSTD, and CDD. The following is a summary of our findings:
· STBC provides the best performance in all studied scenarios, and hence could be the preferred choice. To make it work with any odd number SC-FDMA symbols, STBC can be combined with one of the other three techniques, e.g. low-CM SFBC.

· Low-CM SFBC also provides a flexible choice, but with certain performance loss.
· FSTD and CDD underperform both STBC and low-CM SFBC in all cases.

Based on these findings, we recommend STBC combined with low-CM SFBC as the UL transmit diversity scheme for PUSCH.
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