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1 Introduction

Single-user MIMO is a suitable technique for improving the uplink of an LTE-Advanced (LTE-A) UE compared to a LTE one. Different uplink MIMO schemes must be specified in order to reach the targets set for LTE-A in [1] for peak data rate, average spectrum efficiency and cell-edge user throughput. The spatial multiplexing of multiple layers can improve the peak data rate, the closed-loop spatial multiplexing and transmit diversity can improve the average and cell-edge user throughput when accurate precoding matrix indicator (PMI) is fed back and the open-loop transmit diversity (TxD) is necessary to improve the communication reliability when no PMI feedback is available.
In this contribution, we focus on open-loop transmit diversity schemes for uplink with 2 transmit antennas. This topic was discussed in the RAN1 #53bis meeting [2]-[5]. Some identified criteria for the comparison of different transmit diversity schemes are the frame error rate (FER), the cubic metric (CM) and the flexibility. We focus here on schemes with single-carrier-like CM on both transmit antennas, for cell-edge power-limited UEs having small PRB allocation.
2 Alamouti STBC
A well-known space-time block code (STBC) is the Alamouti scheme, which ensures a diversity order equal to 2 and a low-complexity optimal decoding if the channel remains unchanged during the STBC transmission time. Two symbols s1 and s2 are sent during two transmission periods on two transmit antennas: s1 and –s2* on antenna 1 and s2 and s1* on antenna 2. When combined with SC-FDMA, the Alamouti scheme can be applied on two symbols transmitted on the same sub-carrier of two successive SC-FDMA symbols as depicted in Figure 1.
Drawbacks: 
· Lower flexibility: It requires an even number of SC-FDMA symbols, which might not be the case for sub-frames containing a sounding RS.
· It may be sensitive to strong channel variations in the time domain.
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Figure 1: Alamouti STBC with SC-FDMA.

3 Low-CM Alamouti SFBC

The Alamouti scheme can also be applied on two symbols transmitted on two adjacent sub-carriers of the same SC-FDMA symbol. However, it results in a higher CM on the transmit antenna 2 [11]. The Alamouti scheme can be modified as depicted in Figure 2 in order to guarantee the same CM as STBC on both transmit antennas. In practice, the N sub-carriers are divided into two groups of N/2 sub-carriers and within each group the Alamouti scheme is applied on the first sub-carrier and the last sub-carrier, on the second sub-carrier and the next to last sub-carrier, …, on N/4th sub-carrier and the (N/4+1)th sub-carrier. For the ease of understanding, N is set to 8 in Figure 2.
Advantage: 

· Higher flexibility: The constraint of having paired SC-FDMA symbols is relaxed.

Drawback: 

· Performance degradation due to channel frequency selectivity as the frequency distance between symbols jointly encoded by the SFBC is higher.
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Figure 2: Low-CM Alamouti SFBC with SC-FDMA (8 sub-carriers).

4 Cyclic delay diversity

The CDD scheme can be easily applied by cyclically shifting the signal transmitted on the second antenna with respect to the one transmitted on the first antenna as depicted in Figure 3.
Advantages: 
· Higher flexibility: The constraint of having paired SC-FDMA symbols is relaxed.

· Channel estimation robustness: A single pilot is used in order to estimate the whole equivalent channel.

Drawbacks:

· SC-FDMA performance degradation due to higher frequency selectivity.
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	Figure 3: CDD with SC-FDMA.
	Figure 4: FSTD with SC-FDMA.


5 Frequency switch transmit diversity

The FSTD scheme can be easily applied by mapping symbols to be transmitted on the first antenna on odd sub-carriers and symbols to be transmitted on the second antenna on even sub-carriers as depicted in Figure 4. In order to keep single-carrier-like CM, one DFT per antenna is needed.
Advantage: 

· Higher flexibility: The constraint of having paired SC-FDMA symbols is relaxed.
Drawback:

· Diversity must be recovered by the turbo code: Performance will degrade if the code rate increases.
6 Hybrid schemes

In order to benefit from the good performance of Alamouti STBC, even when the number of SC-FDMA symbols is odd, it has been proposed in [6]-[8] to apply Alamouti STBC on pairs of SC-FDMA symbols and another scheme on the remaining (orphan) symbol. The scheme for the orphan symbol can be for instance FSTD, CDD or Low-CM Alamouti SFBC.
Advantages:

· Higher flexibility: The constraint of having paired SC-FDMA symbols is relaxed.
Drawbacks:

· It may be sensitive to strong channel variations in the time domain.
· Higher complexity:

· Two different transmit diversity schemes required per sub-frame.
· The number of DFTs may be two in the orphan symbol if FSTD is used, whereas it is one in the rest of the sub-frame.
7 Simulation results

The simulation parameters are summarized in Table 1. 

	System bandwidth
	5 MHz

	Waveform
	SC-FDMA

	Modulation
	QPSK

	Code
	Rate ½ turbo code, max-log-MAP (8 it.)

	Frequency allocation
	1, 5 PRBs, no channel-dependent scheduling

	Frequency hopping (FH)
	Off

	Channel
	Uncorrelated 2x2 Vehicular A

	MIMO detection
	MMSE

	Channel estimation
	Actual

	Number of SC-FDMA per sub-frame
	12 for non-hybrid schemes, 
11 for hybrid schemes


Table 1: Simulation parameters.

We first compare Alamouti STBC, low-CM Alamouti SFBC, CDD and FSTD in Figures 5-8. SIMO performance, i.e., single antenna transmission with same total transmit power as with two transmit antennas, is shown as reference. Low-CM SFBC performs as well as STBC for allocations of 1 PRB and within 0.2 dB from STBC for allocations of 5 PRBs. These schemes outperform FSTD and CDD.

All hybrid schemes have similar performance, whatever the scheme applied on the orphan symbol. This performance is close to the STBC performance.
Performances at FER equal to 10-1 and 10-2 are gathered for all schemes in Tables 2 and 3. 

8 Summary

Non-hybrid schemes:

· Low-CM Alamouti SFBC achieves Alamouti STBC performance for low PRB allocations. 
· For larger frequency allocation, like 5 PRBs, there is a 0.2 dB performance gap. 
Hybrid schemes:

· Having pure STBC for sub-frames with even number of symbols and an hybrid scheme with STBC plus another scheme on the orphan symbol for sub-frames with odd number of symbols is a possible alternative with good performance whatever the allocation size and the scheme applied in addition to STBC. 
· However, having two different transmit diversity schemes in a same sub-frame is a bit more complex. 
· Especially if FSTD is chosen as additional transmit diversity scheme. In this case, for an allocation of N PRBs, the symbol on which FSTD is applied requires 2 DFTs of size N/2, whereas other symbols, on which Alamouti STBC is applied, require a single DFT of size N.
Considering the complexity and the performance of power-limited UEs, which will be allocated only one PRB, it is preferable to choose Low-CM Alamouti SFBC, which is the scheme with best performance with 1 PRB, offers same CM as STBC and can be applied to sub-frames with odd and even number of symbols.
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	Figure 5: Non-hybrid schemes
with 3 km/h, 1 PRB, VehA
	Figure 6: Non-hybrid schemes
with 3 km/h, 5 PRBs, VehA
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	Figure 7: Non-hybrid schemes
with 350 km/h, 1 PRB, VehA
	Figure 8: Non-hybrid schemes
with 350 km/h, 5 PRBs, VehA


	PRBs
	FER
	STBC
	Low-CM SFBC
	FSTD
	CDD
	SIMO

	1
	10-1
	4.2
	4.3
	4.4
	4.8
	5.2

	
	10-2
	7.3
	7.4
	8.2
	8.2
	10.4

	5
	10-1
	3.5
	3.6
	3.9
	4.0
	4.6

	
	10-2
	5.9
	6.1
	6.4
	6.4
	8.2


Table 2: Vehicular A channel, 3 km/h.
	PRBs
	FER
	STBC
	Low-CM SFBC
	FSTD
	CDD
	SIMO

	1
	10-1
	4.8
	4.6
	4.9
	5.5
	5.6

	
	10-2
	7.6
	7.6
	8.3
	9.0
	

	5
	10-1
	3.9
	4.0
	4.1
	4.7
	5.2

	
	10-2
	6.0
	6.2
	6.5
	6.9
	9.2


Table 3: Vehicular A channel, 350 km/h.
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