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1. Introduction

A Rel-10 UE supports up to 10-bit A/N feedback using a DFT-S-OFDM transmission format, which is now defined for Rel-10 as PUCCH Format 3. For a multi-antenna UE transmit diversity on the PUCCH may be employed to improve PUCCH performance. Several transmit diversity schemes were proposed at RAN1 #62 and it was agreed that:

· A TxD scheme, if agreed, is defined for 2 antenna port only
· For 4 antenna port UE, standard-transparent virtualization can be used to support TxD
· TxD for PUCCH format 3: If TxD is supported for PUCCH format 3 decide on one of the alternatives in the next meeting:

· Alt 1: Alamouti coding before DFT, one example as shown in R1-104617
· Alt 2: Modified SFBC, one example as shown in R1-104774
· Alt 3: FSTD, one example as shown in R1-104979
· Alt 4: SORTD
We compare these four transmission schemes in terms of performance, multiplexing capacity, and similarity to single antenna transmission. 
2. Transmit Diversity Schemes
2.1. SORTD
Spatial transmit diversity is obtained by utilizing one orthogonal resource per antenna port. For PUCCH Format 3 an OCC shall be allocated to each antenna port. Based on the agreement given above we only consider P = 1 or 2 antenna ports.
2.2. Space time coding

Space time (Alamouti) coding can be applied in the time domain to a block of modulated symbols before transform coding by the DFT. In the context of Format 3 transmission a representative scheme is shown in Figure 1 (reproduced from [2]). Since space time coding is applied before DFT spreading this scheme requires a size-12 DFT operation per antenna port per SC-FDMA symbol. 
2.3. Modified SFBC

Modified SFBC (M-SFBC) is a variant of Alamouti coding in the frequency domain [3]. It involves conjugation, subcarrier reversal and alternating sign changes, which are applied to each half of the DFT-spread block of symbols. An exemplary illustration is shown in Figure 2 for the first slot of a subframe (for illustration purposes the spreading by the OCC is not shown). Only one DFT operation is required per SC-FDMA symbol.
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Figure 1 Example STC scheme for PUCCH Format 3 [2]
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Figure 2 Illustration of modified SFBC for the first slot before spreading by the OCC
2.4. FSTD

For this scheme transmit diversity gain is implement by mapping the even (odd) tones of a DFT output block on the even (odd) tones of the assigned PRB of antenna port 0 (antenna port 1) before the IFFT operation. An example of this is shown in Figure 3 (reproduced from [4]). 
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Figure 3 Illustration of FSTD operation for two antenna ports
From an implementation perspective this scheme is quite similar to the DFT-S-OFDM operation for a single antenna. However, it also requires one DFT operation per antenna port per SC-FDMA symbol. Essentially the operation is similar to SRS transmission for P = 2 since data is transmitted with a comb spacing of 2. 

Since the data on each antenna port is transmitted with a comb spacing of 2 the channel estimation performance could also be improved by transmitting over the same comb spacing. This implies that twice the RS power is applied per transmitted subcarrier. This would require a new length-6 RS sequence.
3. Comparison

Multiplexing Capacity: The multiplexing capacity per RB for Format 3 is determined by the OCC sequence length and the channel delay spread, which is characterized by RRC signaled parameter
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.  For SORTD the multiplexing capacity is 5, 2 for P = 1, 2 respectively because an OCC code is always allocated per antenna port. 
For the other three schemes the multiplexing capacity depends on whether OCC is supported for the RS symbols. Note that the current agreement from the single antenna case is that OCC is not applied to the RS symbols. Whether OCC is applied to the RS symbols has not been decided for the multi-antenna case. Therefore, for normal CP the multiplexing capacity for M-SFBC, FSTD and STC is given by
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And for extended CP it is 
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where 
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when OCC is (is not) applied across the RS symbols, respectively. Therefore, in normal CP, 
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the multiplexing capacity is 3 when OCC is not applied and is 5 when OCC is applied for P = 2. In contrast, for extended CP only 3 UEs can be multiplexed per RB for P = 2.
SINR Requirements
The SINR requirements are shown in Tables 1 and 2 for moderate payload (4 bits) and large (10 bits) respectively. The performance requirements are taken from the agreed simulation assumptions in [5] for 1% ACK missed detection, 0.1% N->A, and 1% DTX requirements. It can be seen that the M-SFBC, STC and FSTD have similar performances across channels and the two payload sizes. For the 4-bit payload up to 1.2 dB gain is seen for M-SFBC, FSTD and STC compared to SORTD. However, for 10-bit payload SORTD outperforms the other schemes for the ETU channel by 0.5 ~ 1 dB.
Table 1 SINR requirement (dB) for 4-bit payload
	Channel
	Transmit schemes

	
	SIMO
	SORTD
	M-SFBC
	STC
	FSTD

	EPA 3kmph
	-4.74
	-5.1
	-6.3
	-6.3
	-6.29

	ETU 3kmph
	-4.47
	-4.82
	-5.92
	-5.91
	-5.87

	ETU 120kmph
	-4.34
	-4.78
	-5.88
	-5.84
	-5.81


Table 2 SINR requirement (dB) for 10-bit payload
	Channel
	Transmit schemes

	
	SIMO
	SORTD
	M-SFBC
	STC
	FSTD

	EPA 3kmph
	-4.6
	-5.12
	-5.19
	-5.02
	-4.87

	ETU 3kmph
	-2.0
	-4.25
	-3.73
	-3.58
	-3.28

	ETU 120kmph
	-2.0
	-4.25
	-3.55
	-3.45
	-3.26


Given the performance versus multiplexing capacity trade-off it would seem that SORTD is not the ideal choice for Format 3. This is especially true when OCC is applied to the RS symbols for normal CP. All the other schemes are good candidates. STC results in a slightly more complex receiver because data detection is done in the time domain, whereas the other schemes allow the possibility of data detection in the frequency domain.

4. Conclusion

This contribution compared four proposed transmit diversity schemes in terms of performance, similarity to single antenna operation and multiplexing capacity. Our recommendation is
· RAN1 adopts either M-SFBC or FSTD as the transmit diversity technique for PUCCH Format 3.
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Appendix: HARQ-ACK BER Performance
Table 3 Simulation Assumptions

	Parameters
	Value

	Carrier frequency
	2 GHz

	Bandwidth
	5 MHz (ETU), 10MHz (EPA)

	Channel model/speed
	EPA 3kmph, ETU 3kmph, ETU 120kmph

	Frequency hopping
	At slot boundary

	Antenna configuration
	1x2, 2x2

	Tx and Rx antenna correlation
	Uncorrelated
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	2

	CP type
	Normal

	Number of UEs
	1

	Payload
	4, 10 bits

	Noise estimation
	Ideal

	Channel estimation
	Practical

	False alarm detection
	Definition 1 of [1]

	Receiver
	MRC


The HARQ-ACK BER results are shown in Figures 4 – 6 for EPA 3kmph, ETU 3kmph and ETU 120 kmph respectively. On each figure the A->N/D is shown in solid lines, N->A in dashed lines and D->A in dash-dot lines.
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Figure 4 EPA 3kmh HARQ-ACK BER performance for 4 bits (left figure) and 10 bits (right figure)
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Figure 5 ETU 3kmph HARQ-ACK BER performance for 4 bits (left figure) and 10 bits (right figure)
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Figure 6 120kmph HARQ-ACK BER performance for 4 bits (left figure) and 10 bits (right figure)
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