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1 Introduction

In RAN1#66, guidelines for selecting a transmit diversity scheme (TxD) for PUCCH Format 3 in addition to SORTD have been listed as follows:

· PUCCH overhead as close as possible to single antenna case,

· Performance significantly improved compared to single antenna and as close as possible to SORTD

· Minimize the specification impact

· Consider cases with and without antenna gain imbalance 

· Take inter-cell interference into account

· Consider both normal and extended CP
With SORTD, the reduced multiplexing capability (2 UEs with SORTD plus one UE with single-antenna transmission per PUCCH PRB) is not an issue if the number of UEs using transmit diversity with Format 3 is low. However, transmit diversity allows improved PUCCH coverage (or alternatively reduced PUCCH transmission power), especially for a high number of ACK/NACK bits. Thus, when using downlink carrier aggregation or for TDD configurations with a few uplink subframes, it may be beneficial to generalize the use of transmit diversity in PUCCH Format 3 and the low SORTD multiplexing capacity may become an issue. Therefore, we study the benefits which may be brought by Alamouti coding before DFT (STBC) [2], Modified SFBC [3][4], Frequency switch transmit diversity (FSTD) [5] and Precoder vector switching (PVS) [1], which achieve the same multiplexing capacity as single antenna transmission, namely 5 UEs per PRB. All schemes maintain the good cubic-metric (CM) properties of the SC-FDMA scheme.

Some of these TxD schemes require separate channel estimation for each transmit antenna per UE. Thus, in order to achieve a multiplexing capacity of 5 UEs per PRB, a multiplexing of 10 orthogonal demodulation reference signals (DM-RS) per PRB must be reached. With normal CP, it can be achieved by introducing size-2 OCC. With extended CP, a single DM-RS is available per slot and using OCC is impossible. Introducing one of these alternative TxD schemes with extended CP will require more modifications of the PUCCH Format 3 structure in order to improve the multiplexing capacity.
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Figure 1: SORTD for PUCCH Format 3.
2 Alamouti STBC before DFT
When combined with SC-FDMA, the well-known Alamouti scheme can be applied within a SC-FDMA symbol, on the six pairs of modulation symbols before the DFT operation, as depicted in Figure 2.
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	Figure 2: Alamouti STBC with SC-FDMA.
	Figure 3: Low-CM Alamouti SFBC with SC-FDMA.


3 Low-CM Alamouti SFBC (Modified 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 must be modified [7] as depicted in Figure 3 in order to guarantee the same CM as STBC on both transmit antennas. In practice, the 12 sub-carriers are divided into two groups of 6 sub-carriers and within each group the Alamouti scheme is applied on the first sub-carrier and the sixth sub-carrier, on the second sub-carrier and the fifth sub-carrier and on the third sub-carrier and the fourth sub-carrier.
3.1 CM on the second antenna
In [11], some concerns were raised about a possible increase of CM on the second antenna with this SFBC scheme. However, the samples transmitted on antenna 2, after OFDM modulation, have the same amplitude as samples on the first antenna. The only difference is a half-OFDM-symbol cyclic shift. Indeed, if yn1 and yn2 are the samples transmitted on antenna 1 and antenna2, respectively:
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where N is the IFFT size and M0 the index of the first PUCCH sub-carrier. Thus, the CCDFs of the normalised instantaneous power (INP) on antennas 1 and 2 are exactly the same, as shown in Figure 4.
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Figure 4: INP of samples on antennas 1 and 2 after OFDM modulation 
and with low-CM Alamouti SFBC.

3.2 Complexity aspects

Coding complexity

If the Low-CM Alamouti SFBC is implemented in frequency domain, as in Figure 3, the complexity is the same as the Alamouti STBC, with an appropriate sub-carrier mapping.
If the Low-CM Alamouti SFBC is implemented before the DFT, the DFT inputs sn2 for antenna 2 are only obtained from the DFT inputs sn1 for antenna 1, applying a phase rotation, a complex conjugate and a cyclic shift:
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The only complexity difference with STBC is a phase ramp and the ordering of symbols sn2.
Normal detection (MMSE detection and ML decoding)

Assuming non-selective channel over the PUCCH PRB, a simple Alamouti decoding can be performed for both STBC and SFBC. Compared to other schemes, the decoding complexity is slightly higher, but this decoding is performed at the eNB and should not be an issue.
Joint ML detection using data and DM-RS

The complexity of joint ML detection using data and DM-RS may be higher with low-CM SFBC if it is performed in the frequency domain. Indeed a correlation is required between the assumed transmitted signal and the received signal [13] and, as mentioned in [12], for each transmitted signal hypothesis a size-12 DFT has to be performed. However, like in STBC, a time-domain correlation can be performed, avoiding the computation complexity of the size-12 DFT.
Indeed, in the joint ML detection using data and DM-RS, using the same notation as in [13] and assuming a flat channel over the PUCCH transmission bandwidth, the estimated channel on data for antennas 1 and 2 is obtained as follows for STBC:
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where sA and sB are QPSK modulation symbols (DFT inputs) which are modulated together by the Alamouti STBC encoder and r1 and r2 are the corresponding observations. The Low-CM Alamouti SFBC scheme can also be written in the time domain, before DFT. If symbol sA is transmitted on antenna 1 and DFT input k and symbol sB is transmitted on antenna 1 and DFT input (k+6) mod 12, then symbol exp(j2(5k/12).sB* is transmitted on antenna 2 and DFT input k and symbol exp(j2(5(k+6)/12).sA* is transmitted on antenna 1 and DFT input (k+6) mod 12. Equivalently to STBC, we can use
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Thus, this time-domain approach should work as well as for STBC with a similar complexity. The only additional complexity compared to STBC would be two additional phase rotations per correlation.
4 Alt3: Frequency switch transmit diversity (FSTD)

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 5. In order to keep single-carrier-like CM, one size-6 DFT per antenna is needed. The spatial diversity must be recovered by the block code, which has low code rate for PUCCH Format 3.The mapping has to be modified in order for the decoder to be able to recover the spatial diversity [10]. We call FSTD2, the FSTD scheme used in conjunction with this new mapping. It is depicted in Figure 6.

FDM pilots for FSTD and FSTD2 may be mapped only on carriers used by each antenna. However, the number of available DM-RS cyclic shifts is divided by 2. Furthermore, having FDM pilots for a UE prevents from multiplexing this UE with UEs of previous releases, using CDM pilots. Thus, OCC for DM-RS is also required with FSTD/FSTD2.
5 Precoder vector switching (PVS)

The PVS scheme is a transparent scheme in which a different precoding is applied on each slot, in order to increase diversity. The main advantage of this scheme is its transparency to the UE: It does not require any modification of the DM-RS structure and more generally of the PUCCH Format3 structure to get the SIMO multiplexing capacity.
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	Figure 5: FSTD (Rel-10 mapping)                                  with more than 11 bits.
	Figure 6: FSTD2 (New mapping) )                                                        with more than 11 bits.
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Figure 7: PVS.
6 Simulation results

The simulation parameters are summarized in Table 1. They follow [6]. In Figures, SFBC refers to Low-CM SFBC.
	System bandwidth
	5 MHz for ETU channel, 10 MHz for EPA channel

	CP type
	Normal CP

	Modulation
	QPSK

	Channel code
	According to TS 36.212

	Channel
	Uncorrelated 1x2 and 2x2, ETU and EPA channels (3 km/h)

	DTX detection scheme
	After channel estimation and decoding, the ratio of the likelihood of the decoded codeword and the likelihood of DTX is compared with a threshold chosen in order to achieve a given probability of DTX-to-ACK error [8].

	ACK / NACK decoding
	MMSE detection and ML decoding

	DTX ( ACK error
	Prob(PUCCH DTX ( ACK bits) = 10-2 [9]

	Operating SNR
	SNR such that Prob(ACK ( NACK,DTX) ≤ 10-2 
and Prob(NACK ( ACK) ≤ 10-3

	Channel estimation
	Frequency averaging over 12 sub-carriers

	Reference signal structure
	CDM via half-symbol cyclic shift
(one DM-RS resource used by each antenna)

	Number of UEs
	1


Table 1: Simulation parameters.

In Figures 8 and 9, SORTD exhibits a gain of up to 4 dB compared to SIMO with ETU channel and up to 2.3 dB with EPA channel. With ETU channel, PVS exhibits some improvement compared to SIMO but its performance is far from SORTD. FSTD2 is outperformed by STBC and Low-CM SFBC by 0.4 dB. Low-CM SFBC and STBC have similar performance with ETU channel and Low-CM SFBC exhibits a small gain of 0.2 dB over STBC with EPA and 20-bit ACK/NACK payload. With ETU channel and 20 bits, low-CM SFBC and STBC improvement compared to SIMO is 3 dB, which is 75% of the gap between SIMO and SORTD. With EPA, Low-CM SFBC outperforms SIMO by 2 dB, which is 87% of the SIMO-SORTD gap.
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	Figure 8: Operating SNR (dB) for different schemes,    ETU 3km/h.
	Figure 9: Operating SNR (dB) for different schemes,    EPA 3km/h.


7 Summary

Transmit diversity schemes exhibit a strong gain over SIMO, especially for high numbers of ACK/NACK bits in PUCCH Format 3. The respective advantages/drawbacks of the different proposals are listed in Table 2.

	
	Overhead
	Performance
	Specification impact
	Complexity
	Supported with extended CP

	STBC
	Good
	Good
	Medium
	Medium
	FFS

	Low-CM SFBC
	Good
	Good
	Medium
	Medium
	FFS

	FSTD/FSTD2
	Good
	Medium
	Medium
	Low
	FFS

	PVS
	Good
	Low
	Low
	Low
	OK


Table 2: Advantages/Drawbacks of different schemes.
Among compared schemes, PVS has less specification impact and supports extended CP but achieves less gain compared to SIMO. Thus, in order to be able to use TxD for PUCCH Format 3 with many UEs and improve the PUCCH Format 3 coverage, we propose to choose one of the schemes with some specification impact. Since Low-SFBC performs the best among them, we propose to 
· introduce Low-CM SFBC as an enhanced TxD scheme for PUCCH Format 3 with normal CP (FFS for extended CP),
· introduce size-2 OCC multiplexing in PUCCH Format 3 DM-RS with normal CP.
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