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1. Introduction

In last RAN1 66 meeting, several transmit diversity schemes for PUCCH format 3 were discussed in [16]-[23]. This contribution continues the discussions and provides further evaluation results on TxD candidates for PUCCH format 3. As for discussions and evaluations on TxD candidates, we add up PVS (Precoding Vector Switching) [23] and AS (Antenna Selection) [22] to those already discussed in our previous companion contribution [19].
2. Discussions on TxD candidates
Rel-10 SORTD [14]
The modulation symbol d(i) is transmitted on orthogonal resource 0 for antenna port 0 and the same modulation symbol d(i) is transmitted on orthogonal resource 1 for antenna port 1 [14]. The previous extensive studies showed that SORTD outperforms all the other TxD schemes [2]-[13]. Two orthogonal resources for two different antennas are required for SORTD.

Based on the discussions in previous meeting so far, the pros and cons can be summarized as below;

· Pros

· The best ACK/NACK performance has been shown among the candidates for all scenarios.
· The implementation is simple and straightforward.
· A common solution for different CP configurations as well as for other PUCCH formats is possible.
· No further work is needed on specification if no other TxD scheme is introduced in Rel-11.
· Cons

· Double amount of resources are required.
SFBC (Space-Frequency Block Coding) [11]

 REF _Ref305336101 \n \h 
[12]
Figure 1 shows SFBC for antenna port 1. For antenna port 0, the same physical mapping can be applied as 1Tx transmission. Space-block coding is applied in frequency domain. In order to keep low CM (Cubic Metric), the reverse, conjugate, sign alternation and half-frequency shift were applied [11]

 REF _Ref305336101 \n \h 
[12]. In this sense, it has been also called low-CM SFBC. It also requires one orthogonal resource for data symbols as long as separate channel estimation for each transmit antenna is possible. The separate channel estimation for each antenna port in normal CP case can be achieved by applying OCC on top of RS symbols without consuming additional resource (ie. [+1 +1] for antenna port 0 and [+1 -1] for antenna port 1). Therefore, one orthogonal resource is required for SFBC. For extended CP case, two different cyclic shifts can be used to estimate channel from each antenna. However, since the current cyclic shift values have been determined to ensure maximal distance between two shift values, additional usage for second antenna will cause a loss of orthogonality in UE multiplexing perspective.
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Figure 1 SFBC (only antenna port 1 is shown) [11]
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[12]
Based on the discussions in previous meeting so far, the pros and cons can be summarized as below;

· Pros

· One orthogonal resource is required while showing good ACK/NACK performances.
· Cons

· The application or adaptation for extended CP is questionable since there is no room to apply OCC on top of RS symbols in extended CP case.
· There are a few specification impacts to describe it.

STBC (Space-Time Block Coding) [7]
Figure 2 shows STBC concept for PUCCH format 3. Space-block coding is applied in consecutive virtual subcarrier domain before DFT precoding while keeping single carrier property. The spatial diversity gain can be obtained by means of space block coding. It also requires one orthogonal resource for data symbols as long as separate channel estimation for each transmit antenna is possible. The separate channel estimation for each antenna port in normal CP case can be achieved by applying OCC on top of RS symbols without consuming additional resource (ie. [+1 +1] for antenna port 0 and [+1 -1] for antenna port 1). Therefore, one orthogonal resource is required for STBC. For extended CP case, two different cyclic shifts can be used to estimate channel from each antenna. However, since the current cyclic shift values have been determined to ensure maximal distance between two shift values, additional usage for second antenna will cause a loss of orthogonality in UE multiplexing perspective.
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Figure 2 STBC [7]
The STBC, in principle, relies on time-domain detection after 12-point IDFT processing at receiver. This requires additional IDFT processing with advanced receiver (eg. detector type A in Chapter 3). In addition, STBC requires two times 12-point DFT precoding operations which require more complexities at transmitter compared to other TxD schemes.

Based on the discussions in previous meeting so far, the pros and cons can be summarized as below;

· Pros

· One orthogonal resource is required while showing good ACK/NACK performances.
· Cons

· The application or adaptation for extended CP is questionable since there is no room to apply OCC on top of RS symbols in extended CP case.
· There are a few specification impacts to describe it.
· Twice DFT/IDFT operations at UE for transmission and at eNB with advanced receiver (eg. detector type A in Chapter 3) are required compared to other TxD schemes.
FSTD1 (Frequency Switched Transmit Diversity) [6]
As seen in Figure 3, FSTD1 represents that the modulation symbols are transmitted on different antenna ports in subcarrier domain. By using this, the channel coding gain can be converted into spatial diversity gain in antenna permutation manner. It also requires one orthogonal resource for data symbols as long as separate channel estimation for each transmit antenna is possible. The separate channel estimation for each antenna port in normal CP case can be achieved by applying OCC on top of RS symbols without consuming additional resource (ie. [+1 +1] for antenna port 0 and [+1 -1] for antenna port 1). Therefore, one orthogonal resource is required for FSTD1. For extended CP case, two different cyclic shifts can be used to estimate channel from each antenna. However, since the current cyclic shift values have been determined to ensure maximal distance between two shift values, additional usage for second antenna will cause a loss of orthogonality in UE multiplexing perspective.
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Figure 3 FSTD1 [6]
The FSTD1 can be written as follows (captured from [15]);

The block of complex-valued symbols 
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resulting in P blocks of complex-valued symbols 
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 is to be transmitted on antenna port p.
In short, even/odd numbers of modulation symbol y(m) are fed into 6-point DFT precoding and then are transmitted on the antenna port 0/1 on even/odd subcarriers, respectively. However, as for dual RM coding, since two codewords are not permutated, the significant ACK/NACK performance loss happens (eg. see simulation results in Chapter 3). The application for dual RM coding is illustrated in Figure 4.
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Figure 4 Illustration of FSTD1 for dual RM coding
Based on the discussions in previous meeting so far, the pros and cons can be summarized as below;

· Pros

· One orthogonal resource is required.

· The complexity at Tx is relatively small to other TxD schemes since two times DFT operations with length-6 are required.
· Cons

· The extremely bad ACK/NACK performances (even worse than single antenna transmission) are shown due to wrong design for dual RM coding.

· The application or adaptation for extended CP is questionable since there is no room to apply OCC on top of RS symbols in extended CP case.
· There are a few specification impacts to describe it.
· A new DFT design with length 6 at UE is needed since there has not been in previous releases where the minimum length of DFT is 12 in Rel-8/9/10.

FSTD2

The FSTD2 is basically same as FSTD1 except for the mapping of modulation symbol y(m) to DFT precoding. The FSTD2 can be written as;
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By permuting two codewords in dual RM, the problem mentioned in FSTD1 can be solved. The application for dual RM coding is illustrated in Figure 5. All characteristics of FSTD2 are same as FSTD1.
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Figure 5 FSTD2 
Based on the discussions in previous meeting so far, the pros and cons can be summarized as below;

· Pros

· One orthogonal resource is required while showing good ACK/NACK performances.

· The complexity at Tx is relatively small to other TxD schemes since two times DFT operations with length-6 are required.
· Cons

· The application or adaptation for extended CP is questionable since there is no room to apply OCC on top of RS symbols in extended CP case.
· There are a few specification impacts to describe it.
· A new DFT design with length 6 at UE is needed since there has not been in previous releases where the minimum length of DFT is 12 in Rel-8/9/10.
PVS (Precoding Vector Switching) [23]
The precoding vector [+1 +1] is applied in slot 0 and [+1 -1] is applied in slot 1. Since there is no need for receiver to recognize the usage of precoding vector, no specification is needed in principle. The required SNR for ACK/NACK performances can be effectively handled by eNB with proper open loop power control.
Since the main principle of PVS is to vary the experienced channels across the slot, its order of spatial diversity gain would be same as frequency hopping across the slot on the assumption that the experienced channels across the slots are fully uncorrelated  enough. Therefore, the diversity order due to frequency hopping is converging into that due to PVS in more frequency selective channel like ETU or band urban channel. On the other hands, in relative flat fading channel like EPA, more or less spatial diversity gain is expected compared to single antenna transmission.

Based on the discussions in previous meeting and this contribution, the pros and cons can be summarized as below;

· Pros

· One orthogonal resource is required.

· Same receiver design at eNB both for single antenna transmission and TxD is possible.

· No specification work in RAN1 is needed.

· A common solution for different CP configurations as well as for other PUCCH formats is possible.
· Cons

· The very small amount of SNR gain is found in high payload size, in high speed circumstances, and wide system bandwidth (see eg. Chapter 4) in ETU channel.
AS (Antenna Selection) [22]
 The transmitted antenna port is selected by eNB based on measured channel qualities from each antenna in a close-loop manner. To facilitate it, two times beacon trials are needed to measure each antenna. An example to ensure the minimum delay between the last measurement at eNB and the application at UE is shown in Figure 6. As seen the example, the minimum delay is 5ms even assuming that eNB performs a consecutive process for measuring channels and signalling to the UE immediately. Since the beacon PUCCH transmission at subframe n and n+1 is substantial ly conveying ACK/NACK information, the diversity gain from AS can be leveraged at subframe n+6 only. In other words, among three subframes, two instances are applied by single antenna transmissions and one instance is done by transmit diversity scheme. In addition, under high speed scenarios like general close-loop transmissions, no performance gain is anticipated due to fast changed channel variations in time domain. At last, to indicate antenna port in DL assignment, one (common antenna selection for both slots) or two (independent antenna selection in both slots) additional bits is (are) needed in USS (UE search space) while it could not be added in CSS (Common search space) due to UE-specific TxD configurations. It means that the Tx diversity cannot be enjoyed for ACK/NACK transmissions when the corresponding PDCCH for PDSCH or SPS release is transmitted on CSS. 
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Figure 6 Closed-loop AS (Antenna Selection) [22]
Based on the discussions in previous meeting and this contribution, the pros and cons can be summarized as below;

· Pros

· One orthogonal resource is required.

· Same receiver design at eNB both for single antenna transmission and TxD is possible.

· A common solution for different CP configurations as well as for other PUCCH formats is possible.
· Cons

· The diversity gain is dependent on the scheduling delay in low speed (eg. the minimum delay is 5ms).

· The diversity gain is almost none in high speed scenarios (eg. 120km/h or higher).

· It requires one or two additional bits in DL assignments for a UE to indicate the antenna port to be used.

· The transmit diversity scheme may not be used when the corresponding PDCCH is transmitted on CSS.
3. Simulations
The link level simulation results for each TxD scheme are provided in this chapter. The following definition for DTX to ACK error is used in the simulations;

· DTX->ACK DEF 2: 
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 The following two detector types were simulated;

· Detector type A (also referred as joint ML detector using RS and data so far)

· For each codeword of data symbol, the signals from RS and data are coherently accumulated. The signals for each slot and Tx/Rx antenna are non-coherently accumulated.

· For two TxD schemes, the ML detection is performed by

· 
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where 

· 
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· The term of 
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 represents the estimated channel for antenna port n_tx on RS symbol.

· The term of  
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 represents the estimated channel for antenna port n_tx by codeword c on data symbol.

· Particularly for SFBC and STBC, 
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 are subcarrier domain value (for SFBC) or virtual subcarrier domain (for STBC) assuming 
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 are received signals on subcarrier 0 and 1 (for SFBC) or virtual subcarrier 0 and 1 (for STBC).

· Detector type B

· Normal ML detection in data symbols after channel estimation in RS symbols is applied. The detector for each slot and Tx/Rx antenna coherently accumulates each codeword output after channel compensations.

As for PVS, precoders of [+1 +1] and [+1 -1] are applied for slot 0 and slot 1, respectively.

Regarding AS, referring Figure 6, the ACK/NACK transmissions on PUCCH by antenna port 0 and 1 are done at subframe n and n+1, respectively. The channel measurements are done using reference symbols in those subframes. The antenna port having better channel quality is used for ACK/NACK transmissions at subframe n+6. All ACK/NACK performances are measured for those three subframes.
 The remaining parameters are listed in Table 1.

Table 1 Link level simulation parameters
	Parameters
	Value

	Carrier frequency
	2GHz

	System bandwidth
	5MHz

	Channel model
	ETU

	Velocity
	3km/h, 120km/h

	Frequency hopping
	At slot boundary

	Antenna set up
	1Tx-2Rx, 2Tx-2Rx

	Tx/Rx antenna correlation
	Uncorrelated

	Channel estimation
	Practical

	CP type
	Normal CP

	Signal bandwidth
	180kHz

	Noise estimation
	Ideal

	Number of UEs
	1

	Number of PRBs for PUCCH
	1

	A/N bits
	2,4,6,8,10,12,14,16,18,20 bits

	TxD schemes
	1Tx, SORTD, SFBC, STBC, FSTD1, FSTD2, PVS, AS (delay=5ms and 10ms)

	Channel coding
	(32,O) RM for <=11 A/N bits, (32,O) dual RM for >11 A/N bits


The link level simulation results to show the required SNR are depicted from Figure 7 to Figure 10. SORTD outperforms all the other TxD schemes considering all the scenarios in the simulation. PVS shows some SNR gains over single antenna transmission in 3km/h (low speed) but marginal gain in 120km/h (high speed). AS also has some SNR gains as much as PVS in low speed, but does not in high speed.
From the simulation results considering various scenarios, we can group the TxD schemes according to the ACK/NACK performances as follows;
· First group <best>: SORTD 

· Second group <medium>: SFBC, STBC, FSTD2 
· Third group <worst>: PVS (no spec change), AS, FSTD1 
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Figure 7 Required SNR – ETU 3km/h, 5MHz BW, Detector type A, DTX->ACK DEF 2
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Figure 8 Required SNR – ETU 3km/h, 5MHz BW, Detector type B, DTX->ACK DEF 2
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Figure 9 Required SNR – ETU 120km/h, 5MHz BW, Detector type A, DTX->ACK DEF 2
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Figure 10 Required SNR – ETU 120km/h, 5MHz BW, Detector type B, DTX->ACK DEF 2
It seems desirable that additional TxD scheme may not be necessary since existing TxD of SORTD in Rel-10 is much more robust than all the other TxD schemes in general. A new TxD scheme, if introduced, needs to be further justified in terms of ACK/NACK performances and specification impacts. Among those, since all other TxD schemes than SORTD are resource-efficient requiring only one orthogonal resource, the ACK/NACK performances should be the most prioritized criterion. 
5. Conclusion
This contribution discusses several TxD schemes and provides the link level simulation results under various scenarios. From the simulation results, the TxD candidates can be categorized according to ACK/NACK performances as follows;
· First group <best>: SORTD 

· Second group <medium>: SFBC, STBC, FSTD2 

· Third group <worst>: PVS (no spec change), AS, FSTD1 

Based on the discussions and simulations, our observation is that there is still needs further study and discussions to introduce additional TxD scheme in Rel-11. However, at this stage, we need to narrow down the TxD candidates in order to reduce a lot of evaluation cases. Since all TxD candidates for Rel-11 require only one orthogonal resource, the ACK/NACK performances should be the most prioritized criterion. Therefore, our suggestion is to narrow down the TxD candidates to “Second group” (SFBC, STBC, FSTD2) in future studies and evaluations since the third group seems not attractive, at least, in ACK/NACK performance perspective.
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