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1
Introduction
Given that LTE-Advanced UEs are equipped with multiple transmit antennas, it is important to study all possible closed-loop and open-loop multi-antenna transmission schemes for the uplink. When accurate channel knowledge is available at the eNB through uplink sounding, closed-loop SU-MIMO is the optimal choice for PUSCH transmission. On the other hand, when there is no (accurate) knowledge about the uplink channel at the eNB either due to very high Doppler speed or due to the fact that uplink SRS is not configured, open-loop transmit diversity schemes for the uplink data transmission become useful. In this paper, we provide simulation results and our views on PUSCH transmit diversity. 
2
PUSCH Tx Diversity Schemes
In this section, we provide a brief overview of possible transmit diversity schemes for PUSCH that preserve single-carrier property at each transmit antenna.

2.1 
Cyclic Delay Diversity (CDD)

CDD diversity scheme is illustrated in Fig. 1. It is known that CDD provides good diversity performance when the phase is rotated by more than one period within the transmission bandwidth. In other words, when using CDD scheme, large delay is preferred.  The drawback of CDD is that it provides no uncoded diversity.
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Figure 1. Cyclic Delay Diversity

2.2 
Frequency Switch Transmit Diversity (FSTD)

FSTD scheme is illustrated in Fig. 2. Similar to CDD, FSTD also does not provide uncoded diversity. Note also that, in order to preserve single-carrier waveform, two half-size DFT operations are needed compared to one full-size DFT operation in CDD.
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Figure 2. Frequency Switch Transmit Diversity

2.3 
Space Time Block Code Transmit Diversity (STBC)

When there are even number of SC-FDM symbols, STBC (Fig. 3) can be applied while maintaining single-carrier waveform at each transmit antenna. Note that over each tone, the DFT-precoded signal symbols sent from the two transmit antennas over two consecutive SC-FDM symbols form an orthogonal Alamouti code. 
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Figure 3. Space Time Block Code Transmit Diversity

Now, let us take a look at when there will be an orphan symbol:

· With normal cyclic prefix, each uplink slot contains 6 data SC-FDM symbols. An orphan data SC-FDM symbol will occur only in the second slot of the subframe when SRS punctures one data SC-FDM symbol
· With extended cyclic prefix, each uplink slot contains 5 data SC-FDM symbols. If there is no frequency hopping at the slot boundary, we will have 10 data SC-FDM symbols which are adequate for a  STBC scheme. An orphan symbol will occur when SRS punctures one data SC-FDM symbol. On the other hand, when there is frequency hopping at the slot boundaries, there will be an orphan symbol in every slot when no SC-FDMA symbol is to be punctured due to the presence of the SRS. There will be one orphan symbol in the first slot of the subframe when the last SC-FDMA is punctured due to SRS.

Although the orphan symbols do not occur frequently, we need to handle them especially when they do occur. Possible diversity schemes that can be applied to the orphan symbol(s) include CDD and FSTD.  
2.4
Long Term Precoding
When the Doppler speed is very high and the channel changes dramatically from TTI to TTI, closed-loop precoding is still applicable. Instead of the instantaneously sounded channel, the long term spatial correlation of the uplink channel can be used for precoding vector selection (Fig. 4). Note that we still need SRS to estimate the long term uplink channel spatial correlation. 
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Figure 4. Long Term Precoding
2.5 
Proposal
We propose to adopt the following open-loop transmit diversity schemes for PUSCH in LTE-A:

· STBC for paired symbols;

· Large delay CDD (requires single DFT) or FSTD (requires two DFTs of half the size) for orphan symbols when they occur.
3
Simulation Results: SRS NOT Configured 

When SRS is not configured, e.g. in the case of persistent VoIP transmission, only the following schemes are viable: CDD, FSTD, and STBC. In this section, we compare the FER performance of these diversity schemes for PUSCH. The link level simulation parameters are listed as below:

Table 1: Simulation Parameters

	Carrier frequency
	2.0GHz

	System bandwidth
	5MHz, FFT size is 512

	Data transmission BW
	10 RBs (120 subcarriers)

	Slot format
	CP ( 7 symbols per slot, 12 data SC-FDM symbols in a TTI )

	Channel model
	Typical Urban (6 paths)

	Fading speed
	3km/h

	Antenna configuration
	1x2 for SIMO, 2x2 for OL-TxDiv

	Antenna correlation
	0.0

	Frequency hopping at 
slot boundary
	none

	Channel coding
	Turbo code, rate=1/2

	Modulation
	QPSK, 16QAM

	Receiver
	Linear MMSE

	Channel estimation
	Practical

	Tx Diversity schemes

simulated
	CDD   for 12 SC-FDM symbols in a TTI,

FSTD for 12 SC-FDM symbols in a TTI 

STBC for 12 SC-FDM symbols in a TTI

STBC for 10 SC-FDM symbols + CDD for 2 SC-FDM symbols in a TTI

STBC for 10 SC-FDM symbols + FSTD for 2 SC-FDM symbols in a TTI

(CDD delay is 128 samples with respect to FFT size 512)


Fig. 5 shows the performance of different diversity schemes with QPSK modulation. Fig. 6 shows the performance of different diversity schemes with 16QAM modulation
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Figure 5. FER performance of different transmit diversity schemes with QPSK modulation
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Figure 6. FER performance of different transmit diversity schemes with 16QAM modulation

From Fig. 5 and Fig. 6, we can see the performance of STBC for 10 data SC-FDM symbols + CDD or FSTD for 2 data SC-FDM symbols is very close to the performance of STBC for all the 12 data SC-FDM symbols.  

4
Simulation Results: SRS Configured 

When SRS is configured, all the following schemes are viable: CDD, FSTD, STBC, and Long-Term Precoding. In this section, we compare the FER and link throughput performance of STBC and Long-Term Precoding schemes for PUSCH transmission at higher Doppler speed. The link level simulation parameters are listed as below:

Table 2: Simulation Parameters
	Carrier frequency 
	2.0GHz 

	System bandwidth 
	5 MHz 

	Slot format 
	Normal CP (7 symbols per slot) 

	Channel coding 
	Turbo code 

	Modulation and Code Rate 
	QPSK (0.20, 0.47), 16QAM(0.40, 0.65) 

	Receiver 
	MMSE 

	Channel model 
	SCM-C [3GPP TR 25.996] 

	Speed 
	120km/h 

	Data transmission BW 
	4 RBs (48 tones), Fixed BW Allocation 

	Antenna configuration 
	2x2 

	Tx Antenna correlation 
	0.0, 0.4, 0.8 

	Rx Antenna correlation 
	0.0 

	Channel estimation 
	Realistic 

	Configured SRS period 
	10ms 

	Max # of transmission 
	4

	Scheduling delay 
	4ms 

	DM-RS Configuration 
	CDM: pilots are Code-division multiplexed, 2 Chu-shifts are used
DM-RS is precoded for long-term precoding

	Freq. Hopping at Slot Boundary 
	No 


Fig. 7-9 show the performance of different diversity schemes at Doppler speed 120km/h with different transmit antenna correlation values. 
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Figure 7. FER and Throughput performance: Speed=120km/h, TxCorr=0.0
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Figure 8. FER and Throughput performance: Speed=120km/h, TxCorr=0.4
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Figure 9. FER and Throughput performance: Speed=120km/h, TxCorr=0.8
From Fig. 7, we see that STBC diversity scheme gives the best FER performance when the transmit antennas are not correlated. When the transmit antenna are highly correlated, Fig. 8 and Fig. 9 clearly show the advantage of long-term precoding over those open-loop diversity schemes.
5
Conclusions 

In this contribution, we have compared different transmit diversity schemes for PUSCH transmission in LTE-A, and our views are summarized as follows:

· When SRS is configured but accurate link prediction is not feasible, closed-loop rank-1 precoding can still be exploited by utilizing the long-term channel spatial correlation when transmit antennas are highly correlated;

· When SRS is not configured, or SRS is configured but accurate link prediction is not feasible and transmit antennas are not correlated, it is suggested that LTE-Advanced employs STBC over paired SC-FDM data symbols and either large delay CDD or FSTD over orphan symbols for PUSCH open-loop transmit diversity, which achieves the best performance.
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