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1 Introduction

Regarding PUSCH transmit diversity (TxD), it was concluded in RAN1#58bis that more discussion should take place on the need of TxD in Rel-10. Target use cases must be identified where 2-Tx transmit diversity brings additional benefit, compared to existing single antenna mode and spatial multiplexing (SM) mode, taking into account performance, power consumption, etc. Besides, STBC-based and SFBC-based schemes have been listed as good potential candidates identified so far, in case 2-Tx transmit diversity is deemed necessary.
In this contribution, after a brief discussion regarding the use of a single-antenna mode or SM versus TxD, we focus on performance comparison between STBC-based and SFBC-based 2-Tx transmit diversity schemes.
2 Need of TxD
The use cases for PUSCH TxD are VoIP transmissions, when SRS transmission is not configured, and fast moving UEs, when SRS transmission is not frequent enough to track uplink channel changes. 
In [11], it was proposed to use long-term precoding, based on long-term channel covariance matrix, instead of TxD. However, it is shown in [12], that long-term precoding performance degrades when the spatial correlation decreases. Furthermore, in absence of SRS configuration, it is argued in [11] that the long-term covariance matrix could be estimated based on uplink transmissions like PUCCH. However, it is unclear at this point how it could cope with abrupt changes of the long-term channel covariance matrix due to UE movements.
Another possibility is to use the single-antenna mode, using a 23dBm power amplifier, with antenna switching or not, or using two 20dBm power amplifiers in a transparent manner, e.g., using small-delay cyclic shift diversity (CDD). 
From the considerations above, we conclude that one use case for TxD is VoIP transmission without SRS configured. In the following, we compare STBC and SFBC TxD schemes and single-antenna transmission (SIMO without antenna switching and SIMO with antenna switching, both assuming that a 23dBm power amplifier is available in each UE, and small-delay CDD).
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	Figure 1: Alamouti STBC.
	Figure 2: Low-CM Alamouti SFBC.


3 Comparison of STBC and SFBC

3.1 Space-time Alamouti scheme (STBC)
The well-known Alamouti scheme shown, in Figure 1, ensures a diversity order equal to 2. However, it requires an even number of SC-FDMA symbols, which is not the case for sub-frames with normal cyclic prefix containing a sounding RS or for timeslots with extended cyclic prefix and frequency hopping. 
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 SFBC. The exact scheme for the orphan symbol has little influence on performance [13] and STBC+FSTD and STBC+SFBC have performances similar to the STBC performance.

STBC has good performance. However, it results in higher complexity: Two different transmit diversity schemes must be specified and implemented in the UE. The UE must switch to another TxD scheme in the orphan symbol. In case FSTD is used for the orphan symbol, the UE must also switch from one DFT with size N to two DFTs with size N/2.
3.2 Low-CM space-frequency Alamouti scheme (SFBC)
The Alamouti scheme can also be applied on two symbols transmitted on two sub-carriers of the same SC-FDMA symbol, as shown in Figure 2. In order to guarantee the same cubic metric (CM) as STBC on both transmit antennas, the symbols are not mapped on adjacent sub-carriers [13]. 
This SFBC applies whatever the number of SC-FDMA symbols.
However, performance degrades due to channel frequency selectivity as the frequency distance between symbols jointly encoded by the SFBC is higher.
3.3 Performance 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 TU 6-paths

	MIMO detection
	MMSE

	Channel estimation
	Actual

	Number of SC-FDMA per sub-frame
	12 symbols with normal CP

	Reference signal structure
	CDM via half-symbol cyclic shift


Table 1: Simulation parameters.

We compare the performances of Alamouti STBC, low-CM Alamouti SFBC, single-antenna (SIMO) transmission, slot-based antenna switching and CDD with 10-sample delay. Single antenna transmission and antenna switching use a same total transmit power as with two transmit antennas, i.e., a 23dBm power amplifier is assumed. FER performance is drawn with respect to Eb/N0, where Eb is the energy per information bit including pilot and cyclic prefix overhead. 
Figures 3-6 show that STBC and SFBC always outperform SIMO. Antenna switching strongly degrades at high velocity due to poor channel estimation. Small-delay CDD has SIMO-like performance for 1-PRB allocation.

With the Typical Urban channel, which has high frequency selectivity, low-CM SFBC is degraded by 0.4 dB at FER equal to 10-1 with a 5-PRB allocation and 3km/h velocity compared to STBC (Figure 4). The degradation becomes 0.3 dB with high speed (Figure 6). These degradations reduce with a channel having lower frequency selectivity like the Vehicular A channel [13]. There is not any performance gap between STBC and SFBC with a 1-PRB allocation (Figures 3 and 5). 
4 Summary

STBC:

· Performance: 
· Having pure Alamouti STBC for sub-frames with an even number of symbols and a hybrid scheme with Alamouti STBC plus another scheme on the orphan symbol for sub-frames with an odd number of symbols is a possible alternative with good performance whatever the allocation size.
· Complexity: 
· Having two different transmit diversity schemes in a same sub-frame is a bit more complex. 

· Two different 2-Tx transmit diversity schemes must be specified.
· The UE has to switch from one TxD scheme to another during one symbol.
· If FSTD is chosen as additional transmit diversity scheme, the UE has to switch from one DFT with size N to two DFTs with size N/2 during one symbol.
SFBC:

· Performance: 
· Low-CM Alamouti SFBC achieves Alamouti STBC performance for 1-PRB allocations.
· For larger frequency allocations, like 5 PRBs, there is a 0.4dB performance degradation with Typical Urban channel.
· Complexity:
· The required complexity at the UE is very limited, since it only requires for the second transmit antenna a different sub-carrier mapping of symbols and some conjugate/opposite operations.
· Compared to Alamouti STBC, the only difference is the mapping of symbols on sub-carriers.
VoIP UEs will be semi-persistently allocated 1 PRB and use TxD, which offers better performance than a single-antenna mode for such a low frequency allocation. Considering the complexity and the performance of these UEs, it is preferable to choose as transmit diversity scheme Low-CM Alamouti SFBC, which exhibits same performance as STBC for 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 3: 1PRB, 3 km/h.
	Figure 4: 5 PRBs, 3 km/h.
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	Figure 5: 1 PRB, 350 km/h.
	Figure 6: 5 PRBs, 350 km/h.
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